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Abstract
The instrumentation developments within this thesis are primarily aimed
at instrumentation for the next generation of telescopes: Extremely large tele-
scopes (ELTs). In the European astronomical community, the highest prior-
ity for ground-based optical and near-IR instrumentation has been identified as
high-multiplex, multi-object spectroscopy (HMS) [1]. HMS includes both simul-
taneous observations of multiple faint objects at the limits of detection (Multiple
Object Spectroscopy: MOS) and spatially-resolved spectroscopy over contigu-
ous fields of brighter structured objects (Integral Field Spectroscopy: IFS) and
a mixture of the two (Diverse Field Spectroscopy: DFS). However, before we
can start to build instrumentation for ELTs it is important to: understand fibre
characteristics more thoroughly and be able to predict behaviour with the use
of a theoretical model (chapter 3); look at new technologies (Photonic Crystal
Fibres, chapter 4, Volume Phase Holographic Gratings, chapter 5); use fibres in
different ways (MAIFU, chapter 6).
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Astronomy compels the soul to
look upwards and leads us from
this world to another.
Plato, The Republic
Chapter 1
Introduction
Astronomy has a longer history than any of the other sciences. It is said that
man instinctively feels that the heavens above were the source and essence of
his life in a deeper sense than the earth beneath, since light and warmth came
from heaven. Ancient man believed that the gods who wrote their destiny left
messages in the stars, and that the study of the stars was the unfolding of
this higher world. It is for this reason that it was believed that Astronomy was
the noblest science that human thinking and spiritual effort could be applied to.
Ancient Astronomers were only able to map out celestial orbits since un-
aided human eyes, which are limited by both sensitivity and resolution, are not
very suitable for detailed Astronomical observations. The limit of sensitivity
is determined by the sensitivity threshold of the retina. The resolution is lim-
ited by the finite physical size of the detectors on the retina and by the small
aperture of the eye. Limited resolution makes it impossible for human eyes to
separate individual distant sources of light that are closer than about 1′ apart,
or to discern details of their shape or structure on angular scales finer than this.
1
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The invention of the telescope at the beginning of the seventeenth century
was an important milestone in the advancement of Astronomy.
Figure 1.1: A missionary tells that he has found the point at which the earth and
the sky meet. This woodcut appears in black and white in Camille Flammarion,
L’Atmosphere: Me´te´orologie Populaire (Paris, 1888), p. 163.
1.1 History of Telescopes
The earliest evidence of working telescopes is credited to three spectacle makers
from the Netherlands who in 1608 designed the first Refracting Telescope. How-
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ever, since the achromatic lens would not be invented until 1733, the telescope
suffered from a large amount of chromatic aberration when the lens failed to
focus all wavelengths to the same convergence point.
The early telescopes of Galileo, Kepler and Huygens, were all Refracting
Telescopes which suffered from these same chromatic aberrations until Huygens
derived the best figure for a lens by theory. Huygens derived that if one surface
of a lens had a curvature six times smaller than the other surface, the chromatic
aberration would be minimised [2]. With his brother, Huygens constructed a
telescope with an aperture of 57 mm through which, in 1670, he discovered a
satellite orbiting Saturn [3].
One of Newton’s great merits is that he was the first person to make a re-
flecting telescope that could rival the refractors of the time. Although Huygen’s
refracting design minimised chromatic aberrations, they were not completely
eliminated. Newton’s design of a reflecting telescope did not suffer the chro-
matic aberrations suffered by refractors, but did suffer from coma, an off-axis
aberration which causes images to flare inward and towards the optical axis.
Another problem with early reflecting telescopes was that the speculum metal
tarnished quickly. This problem was alleviated by the introduction of silver
coated glass mirrors in 1857 and aluminiumised mirrors in 1932.
Modern Astronomical telescopes are mainly large reflecting telescopes and
the main factors affecting the observations are sensitivity and angular resolution.
Theoretically, the angular resolution should scale inversely with the telescope
aperture since θres ' λ/D, however in practice this resolution is never reached
because of atmospheric turbulence.
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The first improvement in observing capability came when George Hale [4]
recognized that the careful selection of an observing site was important. How-
ever, it was soon clear that even at the best observing sites, observations were
still limited by the seeing.
The first large telescope was built at Mount Palomar in 1949 and had a mir-
ror diameter of 5 m. Thirty years later, the Canada-France-Hawaii Telescope
(CFHT), which has a primary mirror of 3.6 m, became operational at Mauna
Kea. The scale of this telescope was in keeping with the scale of other telescopes
at the time, however, although the physical size of telescopes did not develop,
other factors regarding telescope management such as eliminating dome seeing,
fast automated guiding, and thermal control, resulted in an increase in sensitiv-
ity. Figure 1.2 shows how seeing at the CFHT has improved since first light as
a result of improvements in telescope management, corrective optics (HRCAM)
and active optics (SIS).
The interest in Cosmology in the 1980s was a major driver in pushing the
sensitivity limit by further increasing the mirror diameter or eliminating the
atmospheric limitations completely. This led to the current class of 8-10 m
telescopes and to the deployment of the first space optical telescope. When
telescope size reached 8 m, an improvement in resolving power was also seen
due to the necessity of active optics when building telescopes on this scale.
Telescopes built since the 1980s use very thin mirrors instead of thicker mirror,
which are too thin to keep themselves rigid and in the correct shape. Instead,
an array of actuators behind the mirror keeps it in an optimal shape. The tele-
scope may also be segmented into many small mirrors, preventing most of the
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Figure 1.2: Seeing at the Canada-France-Hawaii Telescope (CFHT) on Mauna
Kea has improved since 1980 as a result of improvements in telescope manage-
ment.
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gravitational distortion that occurs in large, thick mirrors.
Figure 1.3 shows how telescope aperture has scaled with time and figure 1.4
shows how the average seeing at each site has changed.
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Figure 1.3: The diameter of the aperture of telescopes has increased substan-
tially over the last 100 years. Linear fits show the increased rate at which
telescope size is predicted to develop over the next 10 years.
Even with improvements in telescope management producing increased res-
olution, the theoretical limit is rarely reached as is shown by the solid line in
figure 1.4. Under ideal circumstances the resolution of a telescope is limited by
the diffraction of light waves and this limit is defined as:
α = 1.22
λ
D
, (1.1)
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Figure 1.4: The average seeing at telescope sites has improved over the past
200 years due to improvements in site selection and telescope management.
Ground based telescopes have never achieved their angular resolution potential
due to atmospheric turbulence, however the development of Adaptive Optics
(AO) promises to allow seeing to approach theoretical limits over at least part
of the sky. Credit: Pierre-Yves Be´ly, The Design and Construction of Large
Optical Telescopes [5].
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where λ is the wavelength of the incident light and D is the pupil diameter.
However, these limits are rarely achieved in practice due to atmospheric tur-
bulence distorting the image. This problem is beginning to be overcome via
Adaptive Optics which uses a real time control system to distort the secondary
or subsequent mirrors to compensate for the effects in the atmosphere. The Very
Large Telescope (VLT) Laser guide star facility was the first of its kind in the
Southern Hemisphere to implement Adaptive Optics, although COME-ON and
Adonis were used at La Silla before this. New ventures include Multi-Object
Adaptive Optics (MOAO) and Multi-Conjugate Adaptive Optics (MCAO). Fig-
ure 1.5 shows the improved resolution which can be achieved when using Adap-
tive Optics.
(a) (b)
Figure 1.5: Image of NGC7469 (a starbust galaxy) taken on PUEO at the CFHT
with (a) Adaptive Optics module turned on and (b) no Adaptive Optics. The
field of view is 10× 10′′, with a resolution of ∼ 0.13′′, courtesy of CFHT.
1.2 History of Optical Fibres in Telescopes
It is reported that the use of optical fibres in astronomy was first suggested by
Brengt Stromgren in the mid 1950’s [6], shortly after fibres were invented. How-
ever it was not until the 1970’s when the telecommunications industry pushed
CHAPTER 1. INTRODUCTION 9
the development of a low loss fibre, that their use in astronomical instrumenta-
tion was feasible.
John Hill and Roger Angel of the Steward Observatory are credited with
building and using the first working multiple-fibre spectrograph [7]. The sys-
tem, ‘Medusa’, links the Cassegrain focal plane of the Steward 2.3 m telescope
to the spectrograph (mounted immediately behind) with 40 short lengths of
optical fibre.
Since this time the unique characteristics of fibres have been taken advantage
of in several areas of astronomical instrumentation:
1. To optically multiplex telescopes;
2. As optical feeds to instruments operated remotely from the telescope;
3. As high efficiency image scramblers;
4. As coherence-preserving optical waveguides
Until the past few years, a discussion of fibres would have centred around
various types of cylindrical step-index optical fibres and the process by which
they transmit light. However, current research is now being focussed in different
ways. Whilst it is still important to understand the physical characteristics of
fibres and the way in which they propagate light, and indeed this is dealt with
in section 3, recent research is beginning to focus on more exotic types of fibre,
and the progress which has been made by the telecommunications industry is
being exploited. Different types of optical fibres such as deviations away from a
cylindrical core and towards square and octagonal cores is being investigated for
their mode scrambling ability. Modifications are being made to optical fibres by
making them out of different glasses and infusing them with gas to be used as
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an absolute wavelength calibration scale. Finally, traditional optical fibres are
being abandoned all together in favour of photonic crystal fibres [8] due to the
possibility of modifying the design parameters and obtaining properties such
as endlessly single mode behaviour or a high non-linearity. Photonic Crystal
Fibres are described further, and tested, in chapter 4.
1.3 Spectroscopy
Quantitative astronomical spectroscopy began in 1814 with Joseph von Fraun-
hofer when he used a slit and a theodolite to produce a beam of sunlight, which
he then allowed to fall onto a prism. In 1823 he was able to measure wavelengths
and he mapped 324 of the solar lines as shown in figure 1.6. Since this time
there have been a great number of advances in astronomical spectroscopy and
this culminated in Highly Multiplexed Spectroscopy (HMS) which will be a key
observational technique for the next generation of Extremely Large Telescopes
(ELTs).
HMS includes both simultaneous observations of multiple faint objects at
the limits of detection (Multiple Object Spectroscopy: MOS) and Spatially-
Resolved Spectroscopy over contiguous fields of brighter structured objects (In-
tegral Field Spectroscopy: IFS) and a generalisation of the two (Diverse Field
Spectroscopy: DFS) which is fully explained in chapter 6. A description of how
these individual techniques work and how fibres are utilised is given in chapter 2.
However, before the design of complex spectrographs can be described, some
basic principles need to be understood, and an overview of the main theory
will be presented in section 1.3.1. Figure 1.7 shows a schematic of a classical
CHAPTER 1. INTRODUCTION 11
Figure 1.6: The first example of Quantitative Spectroscopy was made in 1814
when Joseph von Fraunhofer mapped 324 of the Solar Lines.
Cassegrain telescope interfacing with a basic spectrograph via an optical feed.
The three components labelled A-C show the aspects which are investigated in
this thesis. Light is collected at the focal plane by optical fibres (A, chapter 3;4),
and then reformatted to form the spectrograph slit (B, chapter 6). The light is
then collimated and diffracted off a grating (C, chapter 5). The dispersed light
is then refocussed onto a detector and analysed.
1.3.1 Basic principles of spectroscopy
Plane diffraction gratings are the building block of most astronomical spectro-
graphs. A diffraction grating is an optical component with a periodic structure,
which splits and diffracts light into several beams travelling in different direc-
tions [9]. The directions of these beams depend on the spacing of the grating
and wavelength of the light so that the grating acts as the dispersive element.
As is shown in figure 1.8, at A the incoming waves are in phase, however, upon
diffraction, the waves are only in phase at B if the difference in their path
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Figure 1.7: Schematic of a classical Cassegrain telescope interfacing with a basic
spectrograph via a fibre feed.
lengths, ν(sinα + sinβ) is an integral number of wavelengths as shown in the
grating equation:
mλ = ν (sinα+ sinβ) , (1.2)
or more commonly as:
mΛλ = sinα+ sinβ, (1.3)
where α and β are the angles of incidence and diffraction order respectively,
Λ = 1/ν, is the groove density, ν is the groove spacing, λ is the wavelength and
m is the spectral order.
A special case arises when the angle of incidence equals the angle of reflection,
achieving maximum efficiency at specific wavelengths. This case is known as
Littrow configuration and arises when α = β and the grating equation becomes:
mΛλ = 2 sinα. (1.4)
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Figure 1.8: Geometry of diffraction, for planar wavefronts. The parallel waves
are in phase at A and are only in phase, after diffraction if the difference in their
path lengths, ν (sinα+ sinβ) is an integral number of wavelengths.
1.3.2 Dispersion
The main purpose of any spectrograph is to separate the incident light into
its constituent wavelengths, where each wavelength is diffracted in a different
direction. Dispersion is a measure of the separation, both angular and spatial,
between different wavelengths. Angular dispersion is expressed as the spectral
range per unit angle, and the spatial dispersion is expressed as the spectral
range per unit length.
Angular Dispersion The angular dispersion of the dispersing element is de-
fined as the angular spread, ∆β, of the spectral order, m, between λ and λ+∆λ.
In order to find the angular dispersion of the grating we must assume that
the input angle, α, is constant and differentiate the grating equation (1.3) with
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respect to β to obtain:
dβ
dλ
=
m
ν cosβ
=
mΛ
cosβ
, (1.5)
which shows that as the groove density, Λ increases, the angular dispersion
will also increase. In order to find the general form of this equation we must
substitute the grating equation back into the angular dispersion to obtain:
dβ
dλ
=
sinα+ sinβ
λ cosβ
, (1.6)
and therefore, for any given wavelengths, the angular dispersion is only a func-
tion of α and β.
In Littrow configuration (α = β) the angular dispersion is expressed as:
dβ
dλ
=
2 tanβ
λ
, (1.7)
and again, for any given wavelengths, the angular dispersion is only a function
of β.
Linear Dispersion Linear Dispersion is simply a product of the angular dis-
persion and focal length, f , of the system:
Df =
fmΛ
cosβ
. (1.8)
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1.3.3 Resolving Power
One of the most definitive properties of a dispersing system is the ability to
separate adjacent spectral lines of wavelength, λ, and is expressed as:
R =
λ
∆λ
, (1.9)
where ∆λ is the difference in adjacent wavelengths.
The theoretical resolving power of a planar diffraction grating is given as:
R = mN, (1.10)
where N is the total number of grooves illuminated on the surface of the grating.
If the grating equation (1.3) is substituted into this equation then
R =
N(sinα+ sinβ)
Λλ
,
= =
Nν(sinα+ sinβ
λ
). (1.11)
This equation shows that the resolution of a grating is dependent on both
the number of illuminated grooves and the angle of the incident light. It can
also be shown that both the slit width and diameter of the telescope are in-
versely proportional to the resolution which is detrimental to the photon count
of the spectrograph. Different types of grating offer different limits to ruling
density and grating efficiency and these options will be further investigated in
the following sections.
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1.3.4 Grating Efficiencies
High efficiency gratings are particularly desirable in astronomical instrumenta-
tion when many instruments are assessed on their cost-per-photon. A grating
with high efficiency will be able to measure weak transition lines more easily.
This may imply lower instrumental stray light due to other diffracted orders, as
the total energy flow for a given wavelength leaving the grating is conserved.
There are various types of diffraction gratings which have different efficien-
cies for different wavelengths. Standard ruled gratings usually peak with high
efficiency at specific wavelengths but this efficiency drops rapidly as the wave-
length changes.
Classically ruled gratings are normally manufactured by drawing lines with
a diamond tool and are characterised by a blaze wavelength and groove density.
The standard rule of thumb states that the useful wavelength range of a grating
is between 2/3λblaze and 3/2λblaze [10].
Volume Phase Holographic (VPH) gratings are increasingly being promoted
in astronomical instrumentation due to their high efficiency and offer a new
alternative as a dispersing element. VPH gratings, which are generally used
in transmission, are now being used extensively in astronomy because of their
high diffraction efficiencies. The diffraction is caused by a harmonic variation
in refractive index perpendicular to the fringes, which is currently between 300-
6000 lines mm −1. For astronomical gratings, the active layer is typically 3-
10 µm thick, which is sandwiched between glass substrates of a few millimetres
in thickness. VPH gratings with a high blaze angle are tested in chapter 5.
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A complete treatment of grating efficiency requires the vector formulation
of electromagnetic theory applied to corrugated surfaces [11, 12], however sim-
plifications are useful when making approximate predictions.
In many instances the diffracted power depends on the polarisation of the
incident light, since one polarisation will be parallel to the grating grooves and
one polarisation will be perpendicular to the grating grooves. If the incident
light is unpolarised, the efficiency curve will be exactly halfway between the P
and S efficiency curves.
Scalar theories of grating efficiency lead to accurate results in certain cases,
such as when the wavelength is much smaller than the groove spacing (λ  d
); the vectorial nature of optical radiation is not taken into account in this for-
malisation.
Vector or Electromagnetic theories can be grouped into two categories. Dif-
ferential methods start from the differential form of Maxwell’s equations for TE
(P) and TM (S) polarization states. Integral methods start from the integral
form of these equations. Each of these categories contains a number of methods,
none of which is claimed to cover all circumstances.
Gratings are most often used in higher diffraction orders primarily to obtain
higher dispersion, but also in order to extend the spectral range of a single
grating to shorter wavelengths than can be covered in lower orders. For blazed
gratings, the second-order peak will be at one-half the wavelength of the nominal
first-order peak, the third-order peak at one-third, and so on. Since the ratio
λ/d will be progressively smaller as | m | increases, polarization effects will
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become less significant; anomalies are usually negligible in diffraction orders for
which | m |≥ 2.
1.3.5 Extremely Large Telescope Instrumentation
There are currently two major plans for Extremely Large Telescopes: The
European-ELT (E-ELT) and the Thirty Metre Telescope (TMT). The Giant
Magellan Telescope (GMT, 24.5 m diameter) and the Large Binocular Telescope
(LBT, two 8.4 m primary mirrors) are also significantly larger than current tele-
scopes, however they are not on the same scale as ELTs. An overview of the
E-ELT will now be outlined in order to further illustrate the requirements of
ELT instrumentation.
The E-ELT is designed to have a footprint of about 80 m diameter and is
about 60 m high. This structure supports the five mirror optical design and
accommodates two Nasmyth platforms. Each platform is about the size of a
tennis court and can host several instruments.
As was discussed above, atmospheric turbulence prevents all current tele-
scopes from achieving their theoretical resolution, and consequently the E-ELT
optical design will include an Adaptive Optics unit. The desire to include Adap-
tive Optics into the design of the telescope resulted in a five mirror design: a
three mirror anastigmat with two flat folding mirrors providing the Adaptive
Optics. This novel five-mirror design results in an exceptional image quality,
with no significant aberrations in the 10 arcmin field of view.
To date, six instrument concepts have been identified along with two post-
focal AO modules (MCAO and LTAO) of high priority and two other instru-
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ments to be chosen after an open call to the community for additional concepts.
Table 1.1 shows an overview of planned First Generation Instruments and it is
expected that two to three instruments will be ready for first light. A full suite
of instruments covering a wide parameter space will be built up over the first
decade of E-ELT operations, in a similar way to the VLT.
The instruments which are proposed in table 1.1 have addressed, or will
need to address, all of the concepts investigated in this thesis. Design studies
for CODEX identify the need to limit the grating and the pupil size in order to
contain costs. To facilitate the thermal stability of the system, the spectrograph
should have a limited volume. OPTIMOS/EVE will use different sized bundles
of fibres to provide as much flexibility as possible to sample the focal plane in a
similar manner to DFS and will also use VPH gratings in order to maintain high
throughput. Finally, the implementation of all of the instruments will have a
phased approach in order to operate before the full AO capabilities are realised
and the instruments can work at the diffraction limit.
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My job is to turn starlight into
rainbows and then photograph
them... that’s actually a brilliant
job isn’t it?!
Luke Tyas, 2011
Chapter 2
Optical fibres in
astronomical
instrumentation
This chapter will provide an overview of the practical applications and consid-
erations when using optical fibres in astronomical instrumentation. Section 2.1
will describe different types of astronomical spectrographs and provide examples
of how optical fibres have been successfully utilised. Section 2.2 will introduce
the properties and guiding mechanisms of optical fibres which must be fully
understood. Both of the theoretical models presented in section 2.3 describe
a perfect classical optical system, however, optical fibres can not be treated as
such. Section 2.4 will define what considerations must be made when fibres are
used in Astronomical Instrumentation, with particular emphasis being placed
on their inability to conserve E´tendue, which is presented in 2.5.
21
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2.1 Astronomical Spectroscopy
The earliest spectroscopic technique that was employed in Astronomical In-
strumentation was Long-Slit Spectroscopy (LSS). LSS involves obtaining the
spectrum of light incident upon an aperture defined by the slit, which can be
lengthened to include background elements. However, if the object of interest is
extended, the spectrum can only be recorded in the 1-dimension defined by the
slit. This problem can be overcome if the slit is stepped across the sky, but this
is time consuming and prone to errors due to varying atmospheric conditions.
Astronomical applications seek more time efficient spectroscopic solutions and
the two most popular methods are currently Multi-Object Spectroscopy (MOS)
and Integral Field Spectroscopy (IFS).
Multi-Object Spectroscopy (MOS) is used to collect light from many dis-
crete objects over a wide field. MOS only obtains the spectrum of the total
light collected within each sampling aperture (usually the core of a positionable
optical fibre or a slit-let cut in a mask at the telescope focus). The MOS targets
are generally faint objects at the limits of detection such as primeval galaxies.
MOS offers a large multiplex gain in terms of the number of objects it is possible
to measure in a single observation, but does not record spatial information. In
contrast, IFS obtains complete, spatially-resolved coverage over a small field.
Observations made at high redshift show that the universe has a blobby
and confused structure [13]. Diverse-Field Spectroscopy (DFS) is an instrument
paradigm which combines MOS with IFS in order to allow the observer to select
arbitrary combinations of contiguous and isolated regions of the sky to maximise
observing efficiency and scientific return.
These three types of spectroscopy and different methods of positioning fibres
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at the focal plane will now be described more comprehensively
2.1.1 Multi-Object Spectroscopy
The possibility of obtaining simultaneous spectra of many objects via optical
multiplexing of telescopes has been one of the most popular and successful ap-
plications of optical fibres to astronomy. The history of the development of
Multi-Object Spectroscopy, which in turn was driven by the scientific motiva-
tion for large-scale redshift surveys, employing optical fibres is discussed by Hill
[14]. Hill was involved in the development of the pioneering instruments such
as MEDUSA which obtains simultaneous spectra of 32 objects at the Steward
Observatory 2.3 m telescope.
The general structure of a multi-object spectrograph is deceptively simple:
numerous single optical fibres are positioned in the telescope focal plane such
that each fibre acquires light from a target object; the output ends of the fibres
are then arranged along the spectrograph slit as shown in figure 2.1. A two-
dimensional detector (normally a CCD) is employed to simultaneously detect
the spectra from all objects in the focal plane to which fibres have been em-
ployed.
In practice, a small percentage of the fibres are assigned to monitor the sky
background and, optionally, some to calibration lamps. Another practicality
when using fibres at the focal plane is selecting an appropriate core size to
match the telescope plate scale and seeing. The plate scale describes the rela-
tion between an angular distance on the sky, u, and a physical distance in the
CHAPTER 2. OPTICAL FIBRES IN ASTR. INSTR. 24
telescope’s focal plane, s. It is calculated as:
Plate scale =
u
s
=
u
FDu
=
.206
f
arcsec µm−1, (2.1)
where u is the angular size of the image in radians, s is the image height, F is the
focal ratio of the telescope, f is the focal length, and D is the objective diameter.
For example, when selecting fibres to be used at the Anglo-Australian Tele-
scope (AAT), the plate scale at prime focus is calculated as 0.015′′ µm −1
(D=3.9 m and f=3.5 m), which, when matched with an average seeing of 1.5′′
requires that fibres are selected to have a core diameter of around 100-150 µm .
The way in which optical fibres are positioned in the focal plane is unique
to each instrument and the various schemes which have been employed in as-
tronomical instrumentation will now be reviewed.
Perhaps the simplest fibre positioning system is that of plug-plates. In this
scheme, a sheet of suitable material is drilled with accurate, pre-configured
holes into which fibres are inserted. This method has many advantages in terms
of versatility and has been successfully implemented in CIRPASS, SDSS, and
BOSS instruments. The main advantage of this method is that there are very
few positional constraints since there are no magnets, prisms, or crossing fibres.
In addition, operation during the night is extremely simple so there is a very low
risk of the telescope time being lost compared to systems which reconfigure the
fibres on the telescope. However, it is necessary to have many CNC machines at
the telescope site in order to enable enough plates to be manufactured for each
nights observation and enough fibre pluggers to efficiently prepare the plates. It
is proposed that the Dark Energy (DE) and Galactic Archeaology (GA) surveys
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Figure 2.1: A bundle of fibres can be rearranged to form a spectrograph slit.
Normally one fibre is used as background subtraction. MOS aims to target one
object per fibre whereas IFS aims to obtain spatial information.
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which have high target density requirements would benefit from plug-plate fibre
positioning [15]. SMIRFS (Spectroscopic Multi-object Infra-Red Fibre System)
[16] on UKIRT uses plug-plates and was the first IR multi-object fibre system
(J, H, and K (1-2.5 µm ) windows).
A more time-efficient solution is to use Pick and Place fibre positioning sys-
tems. One of the first pick and place fibre positioning systems, AUTOFIB [17]
was a collaborative instrument built at Durham University in 1986 and then
developed into Af-1.5 for the 2.1 m telescope at Guillermo Haro [18], Af-2 for
the WHT, and finally 2dF on the AAT. 2dF addresses up to 400 objects with a
single robot which positions magnetic buttons carrying optical fibres on a flat
focal plate as shown in figure 2.2. 2dF was followed by 6dF and OzPoz, which
was designed to operate with a curved focal surface. With these ‘Pick and
Place’ systems the configuration time is essentially proportional to the number
of deployable fibres since one robot positions each fibre individually, and could
potentially lead to unacceptable delays between observations as the field is re-
configured. This problem is overcome, at the expense of mass and mechanical
complexity, by using multiple exchangeable field plates allowing one field to be
configured while another is being used in an observation. This approach min-
imises the configuration ’dead time’.
Developments away from a pick and place robot then came in the form of
a fibre positioning system on the Fibre Multi-Object Spectrograph (FMOS) on
the Subaru telescope. The field of view of FMOS is 30′, with a physical size of
150 mm diameter at its focus. In order to position 400 fibres within the limited
area, ECHIDNA [19] (shown in figure 2.2), was developed. Echidna uses fibres
mounted on patrolling spines in a 0.5◦ diameter FoV to position the fibres as
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(a) (b) (c)
Figure 2.2: 2dF, ECHIDNA, and starbugs show the evolution of fibre positioning
systems for Multi-Object Spectroscopy.
required. Each spine is separated by 7.2 mm from each of its 6 neighbours and
can be tilted up to 7.2 mm radially in any direction. Each spine in the FMOS-
ECHIDNA system can be simultaneously and independently moved, effectively
freeing its field configuration time from its former proportional dependence on
the number of deployable fibres. Fast configuration times eliminate the large
‘dead times’ between observations without the need for multiple field plates.
This can have large savings both financially and spatially, and reduce system
complexity. This system can also be of particular value in cryogenic environ-
ments since it does not need to be removed prior to configuration.
A new alternative to ECHIDNA positioning systems are Starbugs which
employ micro-robotic actuators to independently and simultaneously position
multiple small fibres accurately on an arbitrarily large field plate [20]. Star-
bugs are a dynamic robotic positioning concept for use in future instruments on
large telescopes such as the MOMSI instrument. Starbugs can deploy multiple
payloads, such as pick-off optics, optical fibres and other possible devices, with
micron-level accuracy over a flat or curved focal plane.
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2.1.2 Integral-Field Spectroscopy
Integral Field Spectroscopy (IFS) is the technique of obtaining spectra for an
array of contiguous spatial samples in a 2-dimensional field of view. Each spatial
point gives an individual spectrum hence the resulting data can be considered
as a data-cube with 2 spatial dimensions (x, y) and another dimension corre-
sponding to the wavelength, λ.
IFS is used when partially resolved spectroscopic information of an astro-
nomical object is required in. For example, IFS can be used to study resolved
stellar populations, active galaxies, groups and cluster of galaxies, and highly
redshifted galaxies.
Figure 2.3 shows the three main techniques of IFS in addition to a fourth
new type which is a hybrid between a lenslet array and image slicer system [21].
IFS with microlens arrays
Panel (a) shows an IFS which uses a Micro-Lens Array (MLA) to sample the
focal field. Lenslet based IFS use MLAs to segment an image formed by the
telescope and then forms separate images of the telescope pupil. These images
are then dispersed into a number of discrete spectra by the spectrograph. The
pupil images therefore form a two-dimensional field which would overlap in the
detector plane. To overcome the problem of overlap, the angle of the direction
of dispersion is rotated. This solution results in a longer spectrum than would
otherwise be achievable and an additional band pass filter is used to isolate
the required spectral range. The maximum length of spectrum is determined
by the ratio between the size of the pupil image and the spacing between the
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sub-images (determined by the element size). A large ratio results in a longer
spectrum by decreasing the opportunities for overlap, but this requires a fast
lenslet array and spectrograph.
Figure 2.3: The main techniques of Integral Field Spectroscopy(image courtesy
of Jeremy Allington-Smith [22])
Lenslet based spectroscopy is best suited to studies of the individual absorp-
tion lines in galaxies or the kinematics from single absorption or emission lines
where a long spectrum is not required. Because overlaps between adjacent spec-
tra must be strictly avoided, unilluminated pixels between spectra are required
which does not make optimal use of the detector surface.
Historically, this technique was among the first to be employed, chiefly by the
Lyon group [23] and recent examples include OSIRIS on Keck [24], KYOTO-3D
on Subaru [25], SNIFS on the University of Hawaii 2.2 m telescope [26], and
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SAURON on the WHT [27].
IFS with optical fibres
Panel (b) of figure 2.3 shows an IFS which uses optical fibres arranged in a
close-packed bundle at the telescope focus. Fibres with a high core-cladding ra-
tio are preferred since they minimize the dead space between cores. The fibres
are then reformatted into a pseudo-slit so that light emerging from the fibre
ends is dispersed by the spectrograph into what resembles a long-slit spectrum.
Because of the linear format, the spectrum can be as long as the detector format
allows.
Fibre only IFUs have a distinct advantage over lens only IFUs since the field
can be easily reformatted into a psuedo-slit. However there are also inherent
disadvantages in IFUs which use only fibres. The first is that the filling factor
of the focal plane is limited by the ratio of the core diameter of the fibres com-
pared to the cladding thickness. The generally accepted rule of thumb is that
the thickness of the cladding must be more than 10λ thick in order to avoid
significant light loss via evanescent waves. Fibres used in astronomy, typically
have a maximum core diameter of around 100 µm and at operate at optical
wavelengths (≤ 1 µm ) resulting in a filling fraction of 83 %. In order to achieve
even this filling factor, the buffer of the fibre must be removed, making the fibre
more susceptible to damage. The second problem with using a fibre only IFU is
that the focal ratio must be limited to around f/5 in order to avoid focal ratio
degradation which is discussed in more detail in chapter 3. This problem can
only be overcome by using solutions which also have inherent problems such
as changing the speed of the beam before it enters the fibre, or over-sizing the
optics.
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Fibre only IFUs are chiefly used for mapping the internal velocity fields of
relatively bright galaxies. Recent instruments include 2D-FIS, Hexaflex and IN-
TEGRAL which are all on the WHT [28, 29, 30].
IFS with mirolenses and fibres
In order to utilise the reformatting capabilities of fibres, whilst overcoming the
inherent disadvantages, lenslets can be added at the input and (optionally) at
the output of the fibres. If the input lenslets form a two-dimensional contiguous
array, they can eliminate the problem of filling factor and provide better match-
ing between the fibre and the telescope, thereby efficiency. This technique also
means that light is not incident upon the cladding hence the spectrograph has
full spatial coverage. Some crosstalk is acceptable since neighbouring spectra
are adjacent on the sky and in wavelength, hence larger fields of view can be
obtained. This design can then be adapted according to requirements. For ex-
ample the GMOS instrument on the Gemini telescope trades field of view for
spectral coverage by dividing the field into equal sections [31]. Fibres transfer
the light from each section to pseudo slits at the spectrograph entrance. When
the largest field of view is required, blocking filters must be used to limit spec-
tral coverage and avoid overlap. Conversely, when higher spatial resolution or
longer wavelength coverage is required then some of the pseudo slits can be
masked off to increase spectral coverage at the expense of FOV. Other exam-
ples of IFUs which use both fibres and lenslets are VIMOS and FLAMES on the
VLT [32, 33], PMAS on Calar Alto Observatory 3.5 m telescope [34], CIRPASS
on Gemini [35], and FALCON which is being designed for the next generation
of VLT or future ELT [36].
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The main drawback of fibre and lenslet based technology is that the lenses in
the micro-lens array must tessellate and are therefore normally either square or
hexagonally packed. This geometry causes the beam to be faster in the corners
as shown in figure 2.4 and also imposes a balance to be made as there is a finite
ratio of fibre aperture to lenslet size. Both of these effects act as sources of
FRD. Geometric FRD will be further investigated in section 3.3 as the same
issues arise when using fibres with a non-circular core.
Figure 2.4: Geometric FRD induced by square lenslets.
As is shown in figure 2.4 the non-circular shape of the lenslets results in a
larger angle of rays from the corners of the lens, θVW, than from the edges of the
lens, θXY. In addition to this, although the size of the lens is matched as closely
as possible to the dimensions of the fibre core, the diameter of the lens, dl, will
inevitable by larger than the diameter of the fibre core, df. By conservation of
E´tendue:
φdl = θXYdf, (2.2)
and θVW −→ θXY when dl/df −→ 0 and the FRD due to the finite size of the
pupil image is minimised.
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Another possible solution is to use an image slicer as shown in panel (c) of fig-
ure 2.3. This technique is especially applicable to wavelengths beyond 1.8 µm ,
where instruments must be cooled to reduce the thermal background. In this
design the image formed by the telescope is incident on a slicing mirror consist-
ing of a number of narrow slices. Each mirror slice is set at a slightly different
angle, so that the diverging beam from each slice exits in a slightly different
direction. Each beam is then reflected by another mirror which is offset in the
direction parallel to the long axis of each slice. The overall effect is to rearrange
the rectangular field into a long thin field, made up of all the slices arranged end
to end to form the slit of the spectrograph. The advantage of this technique is
that FRD is avoided as no fibres are used, chromatic aberrations are eliminated
as lenses are not used, and the slicing arrangement gives contiguous coverage
of the field due to the fact that only mirrors are used. Slicing also offers higher
efficiency that conventional techniques since the mirrors can be coated in order
to be optimised for the desired wavelength range. However, the sampling along
the slices is the same as that provided naturally by the telescope, so there is
reduced scope to optimise for use with a spectrograph that must also work in a
normal slit-spectroscopy mode.
Image slicing was pioneered by the Max-Planck-Institut fu¨r extraterrestrisc-
he Physik (MPE) with the 3D spectrograph [37]. GNIRS on Gemini adapted the
design in order fit in with existing spectrographs as did SINFONI on VLT(UT4)
[38], SWIFT on the 200 inch Hale Telescope [39], and FRIDA on the GTC [40].
NIRSPEC on the JWST [41] showed the compact size and cryogenic capability
makes these IFUs particularly suitable for space based instrumentation.
The final IFS design, shown in panel (d) of figure 2.3 is being developed as
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part of a feasibility study of the spectrograph MEIFU for the VLT [42]. The
new concept of transparent microslice IFUs, permits 2-3 orders of magnitude
more spatial elements at a reasonable cost and uses lenslet arrays to divide the
field in 2D. The properties of crossed-cylindrical arrays are then exploited, in
order to allow each pupil image to be replaced by a slice which contains spatial
information along its length. This provides many of the benefits of the image
slicer in terms of reducing dead space between spectra, but not to the same
extent because the spectra are distributed over a 2D field, and overlaps must be
avoided since the wavelengths are not continuous between slices (although they
are within a slice).
2.1.3 Diverse-Field Spectroscopy
Diverse-Field Spectroscopy aims to combine the techniques of Multi-Object and
Integral Field Spectroscopy in order to efficiently sample the large focal planes
which will be accessible with ELT’s. One of the problems of producing spectro-
graphs for Extremely Large Telescopes (ELTs) is that the beam size is required
to scale with telescope aperture if all other parameters are held constant, lead-
ing to enormous size and implied cost. It is therefore not possible to sample
the entire focal plane, so regions of interest (ROIs) must be selectively routed
to the entrance of the spectrograph.
Figure 2.5 shows an image of a Lyman Alpha Blob (LAB) in the SSA 22
protocluster region, obtained with SAURON on the WHT. LABs are some of
the largest known individual objects in the universe, and are effectively a huge
concentration of gas emitting the Lyα emission line. The Lyα line is produced
by the recombination of an electron with ionised H atoms. These objects are
not easily observed since the earth’s atmosphere is very effective at filtering out
CHAPTER 2. OPTICAL FIBRES IN ASTR. INSTR. 35
UV photons. Lyα photons must therefore be highly red-shifted in order to be
transmitted through the atmosphere. It is expected that this is the kind of faint
object which will be readily accessible to ELTs.
Instruments such as DAZLE (Dark Ages ’Z’ Lyman Explorer) on the VLT
[44] also use red-shifted Lyα lines in order to detect emission from hydrogen gas
ionised by young stars in galaxies at very high redshifts. These faint emission
lines will be much more accessible with the larger collecting areas available with
ELTs. As is shown in this figure, there are both contiguous and non-contiguous
regions of interest (ROIs) on the detector. To take full advantage of the size
and light gathering capability of ELTs we must be able to take spectroscopic
data of both these types of fields. DFS allows arbitrary distributions of target
regions to be addressed to optimize observing efficiency when observing com-
plex, clumpy structures. A DFS type instrument concept will be presented in
chapter 6.
2.1.4 Other Applications
It is important to note that whilst optical fibres have primarily been used in
astronomical spectrographs, they have also been used in other applications such
as high precision radial-velocity work, interferometry, and photometry.
The scrambling ability, which will be described in section 2.4 results in any
structure at the input end of the fibre becoming uniform at the output given
a sufficiently long length of fibre. This makes fibres potentially extremely use-
ful to high precision radial-velocity measurements. The HARPS instrument
is one such instrument which takes advantage of this property, and has re-
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Figure 2.5: Continuum-subtracted Lyα emission region LAB1 in the SSA 22
protocluster region at z = 3.09 [43]. This image was obtained by collapsing
the SAURON spectra over a narrow wavelength range centred on the emission
line. These objects are not easily observed since the earth’s atmosphere is very
effective at filtering out UV photons so Lyα photons must be highly red-shifted
in order to be transmitted through the atmosphere. It is expected that this is
the kind of faint object which will be readily accessible to ELTs (Image courtesy
of Weijmans 2009)
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cently reported the discovery of a planetary system comprising of at least five
Neptune-like planets with minimum masses ranging from 12 to 25 MJ, orbiting
the solar-type star HD 10180 at separations between 0.06 and 1.4 AU [45].
The GRAVITY [46] instrument for the second generation of Very Large
Telescope Interferometry (VLTI) instrumentation shows how fibres are used to
combine beams from different telescopes providing high-precision narrow-angle
astrometry and phase-referenced interferometric imaging. The optical fibres
provide single-mode filtering of the incoming wave-front and transport the light
to the integrated optics beam combiner. The optical path length of the fibres
can be adjusted by stretching the fibres, which are wrapped around a piezo
ceramic cylinder. This method of changing the path length is simple and con-
venient compared to mirror-based path-length compensator’s.
As the study of Exoplanets gains momentum, multi-fibre photometry is be-
coming an increasingly useful technique since a large number of objects spread
over a large FOV need to be monitored for variability. Since the amount of
light transmitted down a fibre is strongly dependent on the position of the stel-
lar image on the fibres input face, and since typical fibres used in astronomy
are much bigger than a stellar image, Borucki et al. [47] concluded that optical
fibres would not be able to carry out this type of work with sufficient precision.
However, it was shown by Parry [48] that the photometric capability of fibres
was adequate if it was possible to obtain a large amount of dedicated observing
time on a large Schmidt telescope.
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2.2 Optical Fibre Theory
Traditional optical fibres used in Astronomical Instrumentation are cylindrical
dielectric waveguides with a cross sectional diameter of a few hundred microns
and a step index type gradient, as shown in figure 2.6.
Figure 2.6: The structure of a basic optical fibre
The core of an optical fibre is composed of a dielectric material surrounded
by a cladding made up of a dielectric material of lower refractive index. For
fibres used in the optical and IR regime, the core will normally be made of
high purity fused silica which, with such small cross sections, means that the
fibre will be fairly flexible. It is due to this flexibility that optical fibres form
the basis of Multi-Object Spectroscopy, by which a substantial fraction of the
world’s large telescopes have been multiplexed to great advantage as discussed
above. The multiplexing capability could also be performed by conventional
optical waveguides, but the small size and flexibility of fibres make the task far
simpler and less expensive.
Electromagnetic waves do not generally propagate through optical fibres as
CHAPTER 2. OPTICAL FIBRES IN ASTR. INSTR. 39
simple plane waves and consequently, any description of guided waves in fibres
is inherently approximate. However, in order to gain a basic understanding, the
description of propagation via rays is sufficient as a starting point and the fol-
lowing section (section 2.3.1) explains some of the basic theory. The physically
correct description of guided waves as modes is discussed in section 2.3.2. This
guided mode theory is especially important in the context of this thesis since it
is the transfer of energy from lower to higher order modes which manifests as
the focal ratio degradation which is investigated in chapter 3.
2.3 Wave Propagation Theory
2.3.1 Ray theory of propagation of light
Standard Ray theory relies on the principle that EM waves are guided via Total
Internal Reflection (TIR) in the type of traditional optical fibres shown in figure
2.6. The active core, which is of uniform index of refraction n1, is coated with
a cladding of lower refractive index n2.
If a ray enters a fibre at an angle φ with respect to the normal at the core-
cladding interface, then that part of the ray which has entered the core gets
reflected into the core from the core-cladding boundary at an angle θ1, and the
other part gets transmitted into the cladding at an angle of θ2. From Snell’s
law we know that:
n sinφ = n1 cos θ1; (2.3)
n1 sin θ1 = n2sinθ2. (2.4)
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Where n is the refractive index of the medium outside of the fibre. Substituting
for θ1 from equation 2.4 into equation 2.3 leads to the following expression for
φ:
φ = sin−1
n1cos
(
sin−1
(
n2
n1
sin θ2
))
n
 . (2.5)
Using the trigonometric identity cosx =
√
1− sin2 x, equation 2.5 can be
re-written as:
φ = sin−1
n1
√
1−
(
n2
n1
sin θ2
)2
n
 . (2.6)
If the ray at the core-cladding interface makes the critical angle, then θ2 =
pi/2 radians and hence
φ = sin−1
(√
n21 − n22
n
)
. (2.7)
The physical significance of this value of φ is that any ray of light which enters
the core at an angle less that that of φ would undergo Total Internal Reflection
(TIR) at the core-cladding interface. It would therefore become trapped in the
core as it propagates through the fibre. Thus, the value of φ as evaluated using
equation 2.7 for a given fibre is referred to as the maximum acceptance angle of
that fibre. The numerical aperture (NA) is now derived from equation 2.7 and
is expressed as
NA = n sinφ =
√
n21 − n22. (2.8)
The numerical aperture can also be expressed in terms of the focal ratio as
NA ≈
1
2F
, (2.9)
where F = f/D, f is the focal length and D is the diameter of the aperture.
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The numerical aperture is often quoted when describing fibres since the num-
ber of bound modes, M , is proportional to the NA squared.
2.3.2 Electro-Magnetic wave theory of propagation of light
As discussed above, an understanding that EM radiation propagates through
fibres in a set of discrete modes helps to explain the phenomenon of focal ratio
degradation.
Any description of EM theory must begin with a definition of Maxwell’s
equations. In a dielectric medium wherein there are no stored charges and
hence no electric current flowing, Maxwell’s equations can be written as:
5×E =− ∂B
∂t
; (2.10)
5×H =− ∂D
∂t
; (2.11)
5 B =0; (2.12)
5 D =0. (2.13)
with the constitutive relations:
D = εE; (2.14)
B = µH. (2.15)
Where E and H are the electric and magnetic field vectors, D and B are the
electric and magnetic flux densities, t is time, and ε and µ are the permittivity
and permeability of the dielectric medium respectively.
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The EM theory of propagation of light through optical fibres is based on solv-
ing the wave equation in electric or magnetic fields, subject to certain boundary
conditions. A substantial amount of literature deals with this theory [49], how-
ever since FRD is the transfer of power between modes, this section will only
consider the resulting modal fields.
When dealing with many variable equations it is important to reduce the
number of variables at every stage. The following description aims to derive a
formula for the Electric field which only depends on r, so that the shape of the
mode can be described. This equation can then be solved in terms of Bessel
functions.
If we take the curl of the curl of the electric field
5× (5×E) = − ∂
∂t
(5×B) , (2.16)
and substitute in the curl of B, we obtain
5× (5×E) = −∂
2E
∂t2
× 1
ε0µ0
. (2.17)
Using the identity5× (5×A) = 5 (5 A)−52A and the fact that
c−2 = (ε0µ0), we obtain the standard electromagnetic wave equation that de-
scribes the propagation of electromagnetic waves through a medium:
52E = 1
c2
∂2E
∂t2
. (2.18)
We then make an ansatz as to how the field will look in space, using an
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exponential term which separates both a decaying and oscillatory propagation
constant with distance [50]:
E = E (r) e−βz−inkz
cos lφ
sin lφ
, (2.19)
where β is the imaginary part of the axial propagation constant, integer l is the
azimuthal index of the mode, n(r) is the refractive index at radius r, and k is
the free-space wave number, where k = 2pi/λ, where λ is the wavelength. The
periodic dependence on φ following cos lφ or sin lφ gives a mode of radial order
l and hence the fibre supports a finite number of guided modes.
Substituting equation 2.19 into equation 2.18 it is possible to obtain a second
order differential equation of the form:
d2E
dr2
+
1
r
dE
dr
+
[(
n1k
2 − β2)− l2
r2
]
E = 0. (2.20)
Since the cylindrical form of the Laplacian was used to obtain equation
2.20, the solutions are only valid for a waveguide with cylindrical geometry.
Furthermore, due to the strict boundary conditions imposed, equation 2.20 is
only valid for a step index fibre, with a constant refractive index core and takes
the form of a Bessel differential equation. The solutions of the Bessel function
are cylindrical. In the core region these functions are of the first kind and take
the form Jl. If the field is finite at r = 0, it may be represented by the zero
order Bessel function J0. However, the field vanishes as r goes to infinity and
the solutions in the cladding are therefore modified Bessel functions denoted
by Kl. These modified functions decay exponentially with respect to r. The
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electric field may therefore be given by:
E (r) = GJl (UR) ; for R ≤ 1 (core) (2.21)
= GJl (U)
Kl(WR)
Kl(W )
, for R  1 (cladding) (2.22)
where G is the amplitude coefficient and R = r/a is the normalised radial
coordinate when a is the radius of the fibre core; U and W are the eigenvalues
in the core and cladding respectively defined as [50]:
U = a
(
n21K
2 − β2)1/2 ; (2.23)
W = a
(
β2 − n22k2
)1/2
. (2.24)
The normalised frequency parameter, V, is defined via the sum of the squares
of U and W so that
V =
(
U2 +W 2
)1/2
= ka
(
n21 − n22
)1/2
. (2.25)
Using the equation for the numerical aperture defined by equation 2.8, the
V parameter can be defined as:
V =
2pi
λ
a (NA) . (2.26)
The V parameter is important since Gloge showed [51] that the total number
of guided modes, or mode volume MS , for a step-index fibre is related to V by
the approximate expression [52]:
MS w
V 2
2
. (2.27)
Figure 2.7 shows the electric field profiles of the guided modes of a step
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index fibre at a particular wavelength. There is a fundamental mode (LP01)
with an approximately Gaussian intensity distribution, and a number of higher-
order modes with more complicated spatial profiles. Each mode has a different
propagation constant β. Any guided field distribution can be considered as
a superposition of the guided modes. For example, a multimode fibre with
NA=0.22, dcore=50 µm , would guide 258 modes at a wavelength of 1500 nm.
2.4 Considerations when using optical fibres in
astronomical instrumentation
There are three main characteristics of fibres which need to be considered when
designing an astronomical instrument:
1. Image scrambling - Optical fibres scramble light both azimuthally and ra-
dially. Whilst azimuthal scrambling is almost perfect in step index fibres,
radial scrambling is not. This effect increases for slower input beams. As
the position of the target changes on the input of the fibre due to atmo-
spheric turbulence, and the fibre does not perfectly scramble, the radial
input position of the dispersed spectrum will be shifted in wavelength (as
incident angle on grating is changed), as shown in figure 2.8;
2. Spectra transmission - Losses in fibres occur due to scattering, absorption
or macro-bending. The amount of attenuation, in dB per unit length, is
calculated as
attenuation =
10
L
log10
Pin
Pout
, (2.28)
where L is the length of the fibre in metres and P is the power in Watts.
Figure 2.9 shows a typical attenuation curve for both a low-OH (or ’dry’)
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TEM(32) TEM(41) TEM(51)
Figure 2.7: Electric field amplitude profiles for the cylindrical Transverse Mode
Patterns TEM(pl). In general, light launched into a multimode fibre will excite
a superposition of different modes.
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Figure 2.8: As the position of the target changes on the input of the fibre
due to atmospheric turbulence, and the fibre does not perfectly scramble, the
radial input position of the dispersed spectrum will be shifted in wavelength (as
incident angle on grating is changed)
and high-OH (or ’wet’) fibres made by Polymicro. Wet fibres contain OH
impurities within the silica and lead to many absorption bands between
7200-20000 A˚, however, for ultraviolet transmission where the losses ap-
proach the Rayleigh scattering limit these fibres are most suitable. Most
astronomical applications require high transmission throughout the opti-
cal region and in J (1.25 µm ) and H (1.65 µm ) bands in the near infra-red.
Consequently, dry fibres are most commonly used. Unfortunately, Si - O
bonds are broken during the fibre drawing process which remain broken
and introduce material defect absorption blue-ward of 6300 A˚.
3. Focal ratio degradation - This effect occurs due to energy being transferred
between modes in the fibre and is fully discussed in the remainder of this
chapter.
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(a)
(b)
Figure 2.9: A typical attenuation of a (a) low-OH and (b)high-OH fibre.
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2.5 Focal Ratio Degradation
The description of mode propagation given in the preceding sections apply only
to a perfect dielectric waveguide. In practice, waveguides suffer from pertur-
bations such as variations in the core diameter with length, irregularities at
the core-cladding interface and refractive index variations. These perturbations
change the propagation characteristics of the fibres by coupling energy travelling
in one mode to another depending on the specific perturbation. This transfer
of energy between modes gives rise to focal ratio degradation (FRD).
Practically, FRD means that the focal ratio of light coming out of the fi-
bre will be faster than the light that was injected as shown in figure 2.10 and
E´tendue will not be conserved in the optical system. A loss of E´tendue results
in an increase in entropy, and this limits the information which can be obtained
from an optical system. The degradation worsens for slower input beams in a
similar manner to the radial scrambling. It is extremely important to under-
stand this process since so much is being invested into ELT instrumentation,
both theoretically and financially, and if these problems are not well understood
at the outlet, greater problems will be encountered at a later stage.
2.6 Causes of Focal Ratio Degradation
FRD has been described as an exchange of power between high and low order
modes and with this model of modes in mind, fibre loss mechanisms can be con-
sidered as two types; Mode Independent which are intrinsic factors, and Mode
Dependent which are extrinsic factors.
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Figure 2.10: Focal Ratio Degradation occurs when θin  θout.
2.6.1 Mode Independent - Intrinsic Factors
Intrinsic factors are well characterised by manufacturers and it has been shown
that the major contributions are from scattering. FRD as a result of scattering
is due to Raman, Brillouin, and Rayleigh scattering. Rayleigh scattering is the
only mechanism which is considered in this section, since, as is shown by figure
2.11, discounting the OH− peak, it is the dominant intrinsic factor contributing
to the total FRD between the UV and IR absorption tails.
Rayleigh Scattering: Rayleigh scattering is caused by microscopic
non-uniformities, which cause rays of light to partially scatter as they travel
along the fibre, as is shown schematically by figure 2.12.
Inhomogeneities manifest themselves as refractive index fluctuations and
arise from density and compositional vibrations which are frozen into the glass
on cooling. Clearly these can be reduced by improving the fabrication process
but can never be eliminated by the techniques used at present.
Rayleigh scattering becomes important when the size of the structures in the
glass are comparable to the wavelength of light travelling through the glass, and
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Figure 2.11: Sources of attenuation at wavelengths of operation for a silica fibre
Figure 2.12: Non-uniformities in the geometry or refractive index profile of the
fibre, cause light to scatter and the geometry of the beam is changed.
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therefore long wavelengths are less affected than short wavelengths. The subse-
quent scattering due to the density fluctuations, which is in almost all directions,
produces attenuation proportional to λ−4 following the Rayleigh scattering for-
mula given by:
γR =
8pi3
3λ4
n8p2βckBTF ∝ 1
λ4
, (2.29)
where γR is the Rayleigh scattering coefficient, λ is the optical wavelength, n
is the refractive index of the medium, p is the average photo-elastic coefficient,
βc is the isothermal compressibility at a fictive temperature TF defined as the
temperature at which the glass can reach a state of thermal equilibrium, and
kB is the Boltzmann constant.
Mode Dependent - Extrinsic Factors
Extrinsic factors are rarely addressed by manufacturers and consequently there
has been a significant amount of research in this area. A number of factors have
been identified as causing and increasing the FRD produced on a fibre. The
most relevant of these include :
• micro and macrobending
• alignment
i) perpendicularity between the fibre surface and fibre axis
ii) polishing errors
• stability of the light source and movable mechanical parts
Microbending It has been shown that mechanical deformation causes FRD
by the formation of microbends in the fibre [53]. These microbends scatter the
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axial angles of incidence of guided rays, causing a net decrease in the focal ra-
tio of the guided beam. If they are sufficiently large, such beam-spreading can
cause the NA of the fibre to be exceeded which ultimately results in light loss
from the beam. Microbends are primarily created when the fibre is being drawn
and depend upon the type of cladding used and how it is applied. It is intuitive
that fibres made from different materials will be affected by FRD induced by
microbends differently. Glass and quartz are generally considered as the most
favourable material from which to make an optical fibre when considering sur-
face quality, homogeneity and light transmission.
Microbending becomes a problem in fused silica when the fibre core is
stressed, which is induced by cladding and consequently fibres clad with a mate-
rial of low elastic modulus show relatively lower beam spreading. Furthermore
Avila et al. [54] have shown that the difference in FRD between fibres clad
with Polyimide and acrylate protective coverings is minimal. The model used
in chapter 3 to describe the experimental results assumes that the main factor
that contributes to the total FRD is microbending. The number of microbends
per unit length is defined via the parameter, d, and this allows different fibres
to be quantitatively compared.
Figure 2.13: Microbending and macrobending are a major source of FRD
Macrobending In astronomical instrumentation, fibres are often wound
around a large coil when they are being transported or when they are used to
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transport light from the focal plane to the spectrograph slit. More generally,
whenever a fibre is bent on a scale larger than would induce micro-bending, it
is defined as macrobending, and this alters the angle with which guided rays
hit the total internal reflection interface. This in turn increases the angle of
propagation, and results in increasing the angle of the output beam. In specific
cases the rays arrive at the core cladding interface at an angle that can no longer
be totally internally reflected and are consequently lost to the cladding.
Engelsrath [55] et al. have shown that macro-bends are not a major loss
mechanism. Kapany [56] predicted that for an incident cone of light with a half-
angle of 40◦, meridional rays begin to escape through the walls of an unclad fibre
when R ≤ 3.5d, where R is the bending radius and d is the fibre diameter. This
work was extended by Powell [57] who showed that macro-bends are not a ma-
jor factor in FRD except in extreme cases. Consequently, when it appears that
macro-bends do cause some FRD, it is not so much due to the curvature of the
fibre, as the microbends induced by the stress of the large scale bend.
Alignment There are two issues relating to alignment that are known to in-
crease FRD. Firstly the alignment of the fibre with respect to the input beam
must be accurately known and secondly the end of the fibre must be polished
perpendicular to the optical axis. In Chapter 6, figure 6.8 shows the extra FRD
which is induced for varying degrees of misalignment for instruments fed at dif-
ferent focal ratios.
The following chapter aims to determine how physical influences affect the
FRD performance of optical fibres and develop a theoretical model in order to
predict the behaviour.
I think that in the discussion of
natural problems we ought to
begin not with the Scriptures, but
with experiments, and
demonstrations
Galileo Galilei
Chapter 3
Experimental and
Theoretical Investigation of
Focal Ratio Degradation
The ability to accurately predict the focal ratio degradation (FRD) performance
of optical fibres, which places constraints on the performance of fibre-fed spec-
trographs used for multiplexed spectroscopy, is paramount. In this chapter the
dependence of FRD on wavelength, temperature, and length is investigated.
Results show that when the fibre is warm, FRD increases as wavelength de-
creases, as predicted by the theoretical model proposed by Carrasco and Parry
[58]. Analysis of the experimental data shows that when the fibre is at room
temperature the change in enclosed energy at f/5 varies by as much as 2% within
the wavelength range. When the fibre is cold, this trend is reversed. This un-
expected behaviour may relate to frozen-in stress. The theoretical model also
predicts a strong dependence on FRD with length that is not seen experimen-
tally. By adapting the single fibre model to include a second fibre, the amount
of FRD due to stress caused by the method of termination is quantified.
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3.1 Introduction
In the preceding chapters a physical description of focal ratio degradation (FRD)
was given along with its implications for practical applications. In this chap-
ter, experimental results will be presented which investigate various properties
which affect FRD. In section 3.2 a standard theoretical model is described which
is then used as a measure against the experimental data. The theoretical model
described in this section is a model first proposed by Gloge [59] and later adapted
by Gambling et al. [60] and Carrasco and Parry [58] in order to define a single
parameter, D, which can be used to quantify the FRD. In section 3.3 the model
will be used to explain the properties of fibres with different shaped cores in
order to test the model and experimental procedures. This model predicts a
number of trends, such as FRD being dependent on wavelength (investigated in
section 3.4) and on length (investigated in section 3.5). In the final section 3.6
the original Gloge model is modified in order to eliminate the dependence on
FRD with length which is predicted theoretically but not seen experimentally.
By modelling the fibre as two separate lengths with different amounts of scat-
tering defects it can be shown that most of the FRD is caused by stress frozen
in at the fibre ends during end-preparation.
3.2 Theoretical model
3.2.1 Power Spectrum
When determining the power spectrum in an optical fibre it is assumed that
mode coupling only takes place between next neighbours since the mode cou-
pling strength decreases rapidly with mode spacing. The power variation, dPm
of the power Pm of the m
th mode is considered along an increment dL of the
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waveguide.
Figure 3.1 shows how the parameters are defined within the fibre.
Figure 3.1: Schematic diagram of how parameters are defined within the fibre.
If the coupling is considered statistically, and the individual mode fields are
ignored, the power rate equation depends only on the scattering, represented
by the term −αmPmdL and dm is the coupling coefficient between the modes
of order m and m+ 1 is defined as:
m
dPm
dL
= −mαmPm+mdm (Pm+1 − Pm) + (m− 1) dm−1 (Pm−1 − Pm) , (3.1)
where αm is the loss due to dissipation and scattering to the outside.
In the limit of closely spaced modes, increments can be replaced by differ-
entials, such that ∆θ = θm+1 − θm, and thus we set:
Pm+1 − Pm
θm1 − θm
=
dPm
dθ
, (3.2)
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and equation 3.1 can be rewritten as:
dPm
dL
= −αmPm + ∆θ
m
(
mdm
dPm
dθ
−mdm−1 dPm−1
dθ
)
. (3.3)
If an analogous transition is made, the power spectrum can be obtained in
terms of the mth mode
dPm
dL
= −αmPm + ∆θ
2
m
δ
δθ
(
mdm
δPm
δθ
)
. (3.4)
Finally, since all of the variables are a function of θ, when the coefficients are
expanded, it is found that in α (θ) = α0 +Aθ
2, the second order term dominates
as it represents the loss at the cladding/core boundary. Consequently, only d0 is
retained and this is the parameter which represents microbending. The power
spectrum is therefore defined as:
dP
dL
= −Aθ2P + D
θ
δ
δθ
(
θ
δP
δθ
)
, (3.5)
where A is an absorption coefficient and D is a parameter that depends on the
constant d0 that characterises microbending:
D =
(
λ
2dfn
)2
d0, (3.6)
where λ is the wavelength of light, df the fibre core diameter and n the index
of refraction of the core.
Equation 3.4 has been solved by Gambling, Payne, and Matsumure [60] for
the case of a collimated input beam of angle of incidence θin. The solution is
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found through the separation of variables:
P (θin, L) = Q (θin) exp (−rL) , (3.7)
x = (A/D)
1/2
θ2, (3.8)
where Q (θ) = G (x) exp (x/2).
Substituting these parameters into the equation 3.5 yields a solution which
can be expressed through Laguerre polynomials,
P =
∞∑
n=1
KnLn exp (x/2) exp (−rnL) . (3.9)
The modal cut-off distributions are characterized by plane wave fields in
the cladding which contain practically all the mode power. Gambling et al.
have shown that if a plane wave approach is adopted along with orthogonal
relations for the Laguerre polynomials, the expansion coefficients, Kn can be
calculated. Substituting the coefficients into equation 3.9 and using the formula
for summation of Laguerre polynomials, the solution is found:
P (θout, θin) = exp
{
−
(
χi + χ
2
)[
1 + exp(−bL)
1− exp(−bL)
]}
×
[
exp(−bL/2)
1− exp(−bL)
]
Io
[
(4χiχ)
1
2 exp(−bL/2)
1− exp(−bL)
]
, (3.10)
where χ = (A/D)
1/2
θ2in, b = 4 (AD)
1/2
, and I0 is the modified Bessel function
of zeroth order. For bL 1, exp (−bL) ≈ 1− bL, and so:
P (θout, θ0) ≈ 1
bL
exp
(
θ2out + θ
2
0
4D
)
I0
(
θoutθ0
2D
)
. (3.11)
Carrasco and Parry have shown that the approximated solution P when in
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equation 3.10 may be generalised using a function, G, which represents the stan-
dard beam, to the case of an input beam with any aperture as follows:
F (θout, θ0) =
∫ 2pi
0
∫ pi
0
G(θin, φ, θ0)P (θout, θin)sinθindθindφ, (3.12)
where sinθindθindφ = dΩ is the differential of solid angle, φ is the azimuthal
angle measured around the optical axis, and G is a function that represents the
input beam. For the case of a solid angle input beam, G is described as a top
hat function.
For a fibre illuminated by a single input ray, the output intensity distribution
takes the form of a ring with rms width
σ =
√
2DL =
√
Lq
2
(
λ
dfn
)
. (3.13)
Carrasco and Parry have shown that when the value of D is found for the
asymptotic focal ratio of a specific fibre, the results of other experiments where
the far field output beam is recorded for input pencil beams of varying focal
ratio can be successfully predicted.
Once the validity of the model has been confirmed, various trends shown in
figure 3.2 can be predicted using equation 3.6.
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Figure 3.2: Normalised theoretical results to show how the output power dis-
tribution will be affected by changing the input parameters. All results are for
a solid input beam of angle 5◦ and unless otherwise stated for a fibre of length
1 m, df = 100 µm, and d0 = 100.
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Figure 3.2 can be summarised by the following statements:
1. More FRD is predicted for smaller core fibres than for larger
core fibres;
When it is assumed that FRD arises due to microbends between the core
and cladding interface, it is intuitive to predict that larger core fibres
would suffer from less FRD than small core fibres since the light will hit
the boundary fewer times per unit length. This prediction was tested
experimentally by Ramsey [61] who found that FRD did indeed increase
as the core diameter decreased. This trend is tested experimentally in
section 3.3. This test is not definitive since different types of fibres are
used (FBP and FIP), however both fibres had a polyimide buffer and were
from the same manufacturer.
2. More FRD is predicted at long wavelengths than at short wave-
lengths;
Modal diffusion occurs in multimode fibres when light is coupled to neigh-
bouring modes via Rayleigh scattering, Mei scattering, microbending and
macrobending [59, 62, 63, 64]. When the light is coupled to higher or-
der modes through this process, an increase in focal ratio is observed.
All of these processes have a wavelength dependence for example, surface
scattering theory scales as δ2λ−2 (where δ is the rms surface roughness
and λ is the wavelength of light) and Rayleigh scattering scales as λ−4.
Published results show many discrepancies between observed trends with
Poppett et al. and Haynes et al. [65, 66] observing a strong wavelength
dependence, whilst other authors observe only a very weak wavelength
dependence or none at all [67, 68, 69]. One possible source for the discrep-
ancies in the observed trends is that the measurements are not being made
at the asymptotic focal ratio since many measurements are performed at
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the focal speed at which the fibres will operate. Figure 3.3 shows the
output light distributions at λ = 450 nm and λ = 700 nm for a fast and
a slow beam. This result clearly demonstrates the need to observe the
trends at slow focal ratios. This effect is further investigated in section
3.4.
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Figure 3.3: For a fibre with a core diameter of 100 µm and d0 = 148.1m
−1 if
the wavelength is varied between λ = 450−700nm, for (a) a slow input angle of
θ = 10◦ the output angle varies between 10.5 and 11.7, for (b) a slow input angle
of θ = 1◦ the output angle varies between 4.1 and 6.4. Clearly the dependence
with wavelength must be investigated at slow input angles.
3. More FRD is predicted for long fibres than for short lengths of
fibre.
The only trend whereby all of the published literature agree is that FRD
does not depend on the length of the fibre. The most extreme case being
Avila et al. [66] who found no FRD difference between fibres that were
1, 3, and 74 m long. Avila et al. show that a dependence with length
only occurs in very short fibres (∼ 1 m) and small apertures (≥ F/8)
or when the fibre is wound onto a transportation wheel which introduces
macrobending. Gambling et al. did report a length-dependence, however
this result was for liquid-core fibres. This result has never been reproduced
for monolithic fused silica fibres. In section 3.5 this length dependence will
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again be tested and in section 3.6 a theoretical description of the method
of eliminating this length dependence will be presented.
3.3 Experimental procedures and testing non-
cylindrical core fibres
As stated in section 1.2, optical fibres have been used in astronomical instru-
mentation for more than 30 years. As a general rule, whenever fibres are used,
their FRD performance is assessed. However, there have been some inconsis-
tencies in the results reported by different researchers even for fibres from the
same manufacturer and of the same type due to experimental procedures or end
preparation techniques.
Most FRD measurements are relative in nature; that is, they assume that
all light is transmitted at some lower limit of the output f-ratio. The measure-
ments of Powell [57] are an exception to this as they are absolute. The scheme
compares the light in the input beam to that emanating from the fibre by way
of a simple 90◦ flip of two separate mirrors.
In the majority of cases when relative FRD measurements are taken, two
main techniques are used. Namely, the cone technique [70, 71, 72, 73], shown
in figure 3.5, and the parallel laser beam technique [58, 74, 75], shown in figure
3.4. Neither method is considered superior to the other, although one method
will be more suited to the task depending on the outcome requirements.
The cone technique gives a good estimate of the total light loss that might
be expected when employing the fibre in a optical setup, however it can be
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Figure 3.4: Schematic setup for the laser beam technique. A collimated input
beam is launched at an angle θin into a test fibre. The far field output pattern,
consisting of an angular ring at a mean angle θin, is projected on to a screen
which is imaged by a CCD camera.
Figure 3.5: Schematic setup for the cone technique. A solid cone of input light
is injected into the fibre along the optical axis. The focal ratio is determined by
the size of the variable aperture.
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highly sensitive to alignment errors and does not provide information about the
possible sources that may be contributing to the observed FRD. The parallel
laser beam technique is highly sensitive to small changes in FRD and is com-
monly used as a ‘quick look’ technique, however, in order to quantify the FRD
it assumes that the radial profile of the FRD distribution has a Gaussian profile
and measures FRD in terms of the FWHM.
Throughout this chapter, the cone method was used in all experimental se-
tups in order to be able to compare experiential results to the Gloge theoretical
model. The following sections describe this experimental method in more detail
and describe how the data was reduced, before presenting experimental data.
3.3.1 Experimental method
The equipment used throughout this chapter is illustrated in figure 3.5. Inco-
herent broad-band visible light is injected into the fibre in a filled cone such that
the far-field distribution of specific intensity with angle is constant for angles
of θ, where −θin ≤ θ ≤ θout, which is set by an adjustable iris placed in the
collimated input beam. The light source is used to illuminate a pinhole and
diffuser. Light entering the fibre is first passed through a bandpass filter. The
position of the fibre is adjusted as required for the change in focus caused by the
different thicknesses and refractive indices of the different filters used, although
this should not affect the angular distribution striking the fibre face. The com-
plete fibre core is illuminated by matching the pinhole size to the fibre diameter
and using a 1:1 magnification system. The focal ratio is calculated from this
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angle using the relationship:
f/# =
1
2 tan θ
.. (3.14)
Light exiting the fibre is intercepted by a CCD from which the distribution
of specific intensity with angle (i.e. the far-field pattern) is measured. A laser
beam denotes the optical axis to which all components were aligned. A viewing
system allows the end of the fibre to be examined in-situ by means of a beam
splitter and microscope.
Data reduction
The CCD images (in FITS format) were processed using the Psfmeasure task
of the IRAF [76] astronomical data reduction software package to obtain the
energy encircled within a specified radius measured from the image barycentre.
The images were first processed to remove background illumination by subtract-
ing images taken at the same time without illumination. However, the software
also removes residual background which is estimated from a specified annulus
centred on the image barycentre chosen to be outside the maximum radius for
the encircled energy calculation. The resulting encircled energy curves were
inspected to ensure that they smoothly approached unity asymptotically. The
focal ratio (input and output) was defined by θ95 , the half-angle of the cone that
encircles 95 per cent of the energy, using equation 3.14. Once the optimum set
of input parameters had been determined, they were used throughout to ensure
consistency of results. In addition, the throughput of the system was estimated
by summing over the distribution of light and normalizing by the angular extent
of the input cone, θin and comparing to the amount of power detected when the
fibre was replaced by pinhole of the same diameter.
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3.3.2 Core size and shape effects
As a first test of the experimental method, fibres were tested that were subject
to no external FRD sources such as bending, or stressing which might affect
different fibres in unpredictable ways. In order to test the assumption of a
cylindrical waveguide (resulting in Bessel functions for the modes), these tests
were expanded to include multimode step-index fibres which did not have a
cylindrical core.
Non-Cylindrical fibres have recently begun to be investigated for use in as-
tronomical spectroscopy due to their image scrambling ability. In chapter 2
one of the main limitations in using traditional cylindrical core optical fibres
in astronomical instrumentation is their relatively poor ability to completely
scramble the input image, as shown in figure 2.8. Scrambling prevents the op-
tical fibre from carrying any information on the star’s radial position at the
fibre input. If position information were preserved, it would affect the optical
geometry inside the spectrograph, and a shift in the star’s radial position on the
fibre (such as from atmospheric refraction) would result in a shift of the spec-
trum’s position on the CCD sensor. Analogous to focal ratio degradation, the
amount of image scrambling a fibre exhibits increases with increasing f number.
We therefore undertook a number of tests to investigate their FRD performance
Specifications of the fibres tested are given in table 3.1.
The fibres were mounted in stainless steel ferules with EpoTek 301-2 and
then manually polished using a polishing chuck and abrasive paper with grit
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Table 3.1: Details of the fibres tested for FRD.
Name Core Cladding NA Manufacturer
diameter diameter
( µm ) ( µm )
FBP140168198 140 169.7 0.22 Polymicro
FIP100110125 100 110 0.22 Technologies
OCT WF 100/187 P 100 187 0.22
CeramOptec
SQ WF 200x200 192x192 218x21 0.22
sizes ranging from 5-0.3 µm . The fibres were mounted into ferules in order
to ensure that they each experienced the same amount of stress throughout the
polishing process.
Figure 3.6 shows the polished, non-circular fibre surfaces at a 100x magnifi-
cation.
(a) (b)
Figure 3.6: Image of the octagonal and square fibres after they had been hand
polished to 3 µm .
Focal ratio degradation measurements were made in the far field region for
different input focal ratios in the range from f/4 to f/16. Figure 3.7 shows the re-
sults for the four fibres tested under the same conditions (L = 3 m,λ = 632 nm).
Dashed lines represent experimental results and solid lines show the best fit of
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the Gloge model. The varying d0 parameter indicates different levels of mi-
crobending per unit length for each of the fibres.
As is shown by figure 3.7 the CeramOptec octagonal fibre showed the best
result, whereas the CeramOptec square core fibre showed a poor FRD perfor-
mance. A possible explanation for this result may lie in the thickness of the
cladding layer of the square fibre. A larger cladding layer would help to stabi-
lize the fibre against mechanical deformations resulting from fibre termination
and mounting. As expected from equation 3.6 which shows that D ∝ d−1f , the
100 µm circular core fibre showed a larger amount of FRD than the 140 µm cir-
cular core fibre.
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Figure 3.7: Comparison of theoretical modelled curves (solid lines) with experi-
mental performed results (dashed lines) where the output focal ratio is displayed
as a function of input focal ratio. The parameter d0 which characterizes the af-
fect of microbending is displayed for each theoretical curve.
These results show that a sufficient experimental technique has been devel-
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oped for the requirements of these investigations and also that the model is able
to predict experimental results at different focal ratios.
When comparing the FRD curves of different shaped core fibres it is not
immediately obvious as to what trends would be expected. From a purely
theoretical perspective, it may be expected that circular fibres should show the
best performance since they are not subject to geometric FRD effects, unlike
non-circular core fibres as shown in figure 3.8.
(a) (b)
(c)
Figure 3.8: Geometic FRD of non-circular core fibres. As shown in (a) and (b)
for square and hexagonal core fibres respectively, light entering from the VW
axis with have a smaller angle than light entering from the XY axis.
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Geometric FRD arises in non-circular core fibres due to θXY defined in the
figure being greater than θVW, and the greater the difference, the more FRD can
be expected (from geometric sources) meaning that, considering only this argu-
ment, circular fibres should perform better than octagonal fibres, which should
in turn perform better than square fibres. However, as is shown in figure 3.7,
the octagonal fibre shows a better FRD performance than either of the circular
fibres. This can be attributed to the manufacturing process. Since octagonal
core fibres are a relatively new development it is possible that more care is taken
during the drawing process and the core/cladding boundary suffers from fewer
microbends.
In the following sections, the FRD properties of fibres will be further inves-
tigated as external influences are applied which should worsen the FRD perfor-
mance. These experimental results will again be compared to the theoretical
model in order to provide a more robust description.
3.4 Temperature and wavelength effects
The increase in telescope aperture means that increasing numbers of targets
are highly cosmologically redshifted so that diagnostic ionic bound-state tran-
sitions are observed in the near-infrared. To reduce the thermal background,
the instrument must be cooled to 100-200 K while the telescope focus stays at
260-290 K; therefore, fibres must be able to tolerate a difference of 100-200 K
along their length (1-100 m). A further requirement is for broad-band perfor-
mance which will allow the same fibres to feed separate wavelength-optimized
spectrographs.
CHAPTER 3. FOCAL RATIO DEGRADATION 73
Previous studies by Lee et al. [64] of the dependence of FRD on tempera-
ture concluded that fibres remain flexible at 80 K temperature and, after a brief
equilibration period, show only a slight degradation in performance. This is
true of fibres mounted without encapsulation. For the more realistic case where
fibres are mounted in ferrules and matrices of holes using adhesives, a variety of
effects are seen depending on the thermal mismatch between fibre and mount.
However, this can be ameliorated by designing the system to eliminate differ-
ences in thermal properties. One method of doing this is to mount silica fibres
in glass ferules rather than the traditional option of stainless steel.
Several authors have studied the wavelength dependence of FRD at room
temperature in the visible regime [58, 67, 73, 69] and have found it to be small
or unmeasurable. However, as this effect is not expected to be large it must
be tested at the asymptotic f-number in order to be observable. Schmoll et al.
[67] tested the fibre at f/3 and Crause [69] tested the fibre at a slightly slower
beam of f/4.2, at these focal ratios only a small amount of FRD is observed and
the dependence on wavelength is smaller than the experimental errors.
These results are broadly consistent with the picture of fibres where light
is scattered by small defects (microbends) presumably introduced during the
drawing process and modelled as a modal diffusion process by Gloge [59]. Any
wavelength dependency in this process, depending on the typical size and num-
ber density of the defects and, possibly, on their internal properties and contrast
with the surrounding material may manifest itself as a dependency of FRD on
wavelength.
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3.4.1 Experimental setup
As described in the section 3.3.1, FRD measurements were made using the cone
technique. The fibres used in the experiment were of doped step-index con-
struction made from fused silica with core diameter of dF = 100 or 280 µm and
length 2 m as shown in table 3.2.
Table 3.2: Details of the fibres tested for FRD-temperature effects.
Name Core Cladding Buffer NA Manufacturer
diameter diameter material code
( µm ) ( µm ) material
FMOS-a
100± 3 140± 3 polymide .22± 0.02 FBP100140170
FMOS-b
The fibres were prepared by mounting them in a polishing jig and manually
wet-polishing using a figure-of-eight motion on abrasive sheets with progres-
sively smaller grit sizes down to 0.3 µm . The fibres were mounted in a chuck
designed for this purpose taking care not to stress the fibres. For geometrical
calibration, the fibre was replaced by a pinhole matched to the fibre diameter
and the distance between the fibre input and output eliminated so that light
propagated directly into the receiver stage. The relationship between the output
and input focal ratios was found to have a slope of 1.02± 0.003 with intercept
−0.2± 0.0004 indicating a maximum error of 2 per cent over the entire range of
focal ratios measured. However, some of this may be due to diffraction which
broadens the beam with an equivalent focal ratio of half the ratio of the pinhole
diameter and the illumination wavelength (typically F/100).
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Variation of temperature and wavelength
The temperature of the middle section of the fibre (≈ 1 m) was varied between
T ≈ 290 K (warm) and 80 K (cold) by immersing it in liquid nitrogen and
allowing a few minutes for the output beam to stabilize. The fibre was long
enough that the input and output ends could be left undisturbed in the appa-
ratus while the rest was subjected to variation in temperature with minimal
physical disturbance.
The wavelength of the incident light was altered by changing the colour fil-
ter. The filters had a bandpass of 40 nm with central wavelengths between 450
and 700 nm.
3.4.2 Results
Table 3.3 shows the results of all three fibres tested at the extremes of the
wavelength range and the d0 parameter that has been fit to the results. Figure
3.9-3.10 show the FRD curves for each of the fibres and the theoretical predic-
tions that have been fit to them.
The two main sources of uncertainty are as follows:
1. Deviations in angle between the normal to the fibre face and the optical
axis of the fibre - this was investigated by measuring the axial distance at
which features on the polished face were in focus at various points over the
core. The angular error was estimated as 10 mrad for the FMOS fibres;
2. Determining the value of θ95 - this was calculated from the scatter in
results obtained when the program was run starting from different initial
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Figure 3.9: Results for the FMOSa fibre at different wavelengths when (a) warm
and (b) cold, with theoretical curves shown as solid lines
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Figure 3.10: Results for the FMOSb fibre at different wavelengths when (a)
warm and (b) cold, with theoretical curves shown as solid lines
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Table 3.3: Summary of results for FMOS fibres at different wavelengths and
temperatures
Fibre temperature
λ θin θout
% enc. % enc.
d0 DLenergy energy
(nm) (deg) (deg) at f/5 (m−1)
FMOSa
warm
450
1.35
5.95 35.1 82.5 304.1 1.37×10−3
700 6.45 32.6 80.7 148.1 1.61×10−3
cold
450
1.35
6.73 31.3 79.7 392.1 1.76×10−3
700 6.34 33.0 81.0 144.1 1.57×10−3
FMOSb
warm
450
1.35
5.72 36.4 83.3 280.1 1.26×10−3
700 6.07 34.5 82.0 131.1 1.43×10−3
cold
450
1.35
7.29 29.1 77.7 462.1 2.08×10−3
700 6.62 31.8 80.0 157.1 1.71×10−3
estimates of the barycentre and by changing the parameters defining the
annuli involved in the summation.
The error bars are generally quite small and are consistent with the systematic
differences between the data obtained at different wavelengths.
The main trends observed are:
1. at room temperature, FRD increases at longer wavelengths;
2. when the fibre is cryogenically cooled, FRD increases at shorter wave-
lengths.
The first result is predicted by the theoretical model. When warm, the out-
put beam approaches an asymptote of Fout = 5.2 for the two FMOS fibres.
This behaviour spans that typically encountered in fibres used in astronomy.
The results for the two FMOS fibres are very similar (difference is 2 per cent in
the mean and 4 per cent in rms over the range of Fin ) which is consistent with
the typical size of error bar (average 4 per cent in Fout ). This validates our
error estimation and the consistency with which the fibres have been prepared,
aligned and measured.
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As discussed above, the Gloge model predicts that FRD will depend on the
wavelength of the input light, however, the model should be able to predict the
amount of FRD at any wavelength, once the d0 parameter for the fibre has been
determined. In other words, the d0 parameter should be the same for a specific
fibre at any wavelength at any focal ratio. Figure 3.11 shows the enclosed energy
at a range of input focal ratios. The solid lines show the theoretical predictions
when the d0 parameter is found using the experimental result at 450 nm, in this
case d0=304.1 m
−1. The red solid line shows the model prediction at 700 nm
and the dashed lines show the experimental results at this wavelength. Clearly,
the model is predicting more FRD at longer wavelengths than is observed ex-
perientially.
The second result is not predicted by the model since there is no temperature
dependence. When cold, the asymptotic Fout is slightly faster than at room
temperatures. The scale of these results is consistent with previous results [64],
however, the sign of the wavelength dependence is reversed. Figure 3.12 shows
the enclosed energy at a range of input angles for the different fibres. It is clear
from this figure that the temperature of the fibre affects the FRD at shorter
wavelengths, much more than at longer wavelengths. This observation may be
important when analysing the process behind the results.
The reality of the change in sign with temperature is supported by: the
consistency in the trend seen at each input focal ratio; the consistency of the
throughput results between fibres of the same type and between those of differ-
ent construction (even if the general FRD was very different); and the fact that
the only difference in the experimental setup was whether the middle portion
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Figure 3.11: If the d0 parameter is fit for the fibre at 450 nm a value of d0 = 304.1
m−1 is obtained. The solid red line shows the model predictions of the enclosed
energy using the same parameters at λ = 700 nm and the dashed lines show the
actual enclosed energy obtained experimentally. Clearly, the model is predicting
more FRD at longer wavelengths than is experimentally observed.
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Figure 3.12: Enclosed energy as a function of input angle for (a) FMOSa, and
(b) FMOSb, fibre. The temperature dependence is more dominant at shorter
wavelengths.
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of the fibre was immersed in the cryostat or not.
In the following sections a number of possible candidates that may explain
the experimental results are identified and examined.
3.4.3 Discussion
It is proposed that there are two main processes responsible for the results:
1. the refractive index is kept constant throughout the simulations, whereas
in reality it has a dependence on both wavelength and temperature;
2. different scattering processes are affecting the results.
.
The refractive index of a material is dependent on both wavelength and
temperature, however it is impossible to obtain a precise value of the refrac-
tive index at any given temperature and wavelength since fibres have dopants
introduced to change the refractive index between the core and cladding. The
refractive index of the buffer material will also be different to both the core
and cladding. Figure 3.13 shows how the refractive index would have to vary in
order to be able to state a single value of d0 (in this case, the FMOSa fibre is
being modelled with d0 = 304.1 m
−1) for the fibre. Figure 3.14 shows the new
theoretical FRD curves against the experimental results, for both the warm and
cold cases, if the refractive index is varied in this way.
The actual variation in refractive index with wavelength for fused silica is
shown in figure 3.15 . It is clear that the variation in refractive index with tem-
perature and wavelength needed to successfully predict the theoretical results is
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Figure 3.13: Variation of refractive index needed to maintain a constant d0 for
the FMOSa fibre
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Figure 3.14: Theoretical FRD predictions for the FMOSa fibre (solid lines)
with d0=304.1 and n varying with wavelength and temperature. Experimental
results are shown as points.
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much too large to completely account for the experimentally observed results,
however, it is possible that it plays a role.
Figure 3.15: Refractive index of fused silica (Image taken from the handbook of
optics [77]),
The general weakness of the temperature dependence relative to the pre-
dictions of Gloge’s model might result from the assumption of a continuum of
weakly scattering centres whereas the fibre may actually contain a smaller num-
ber of strong scatterers at the core/cladding boundary. An extreme example
of this argument is if the bulk of the scattering occurs at the fibre ends due
to the method of termination (polishing and mounting in a ferrule) which may
produce localized stress. This is supported by the weak dependence of FRD on
fibre length that is found by many authors and further discussed in section 3.5.
Models of light scattering can be divided into three domains based on a
dimensionless size parameter, α which is defined as :
α =
piDp
λ
, (3.15)
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where piDp is the circumference of a particle and λ is the wavelength of incident
radiation. Based on the value of α, these domains are:
• α  1: Rayleigh scattering (small particle compared to wavelength of
light)
• α ≈ 1: Mie scattering (particle about the same size as wavelength of light)
• α  1: Geometric scattering (particle much larger than wavelength of
light)
Rayleigh scattering
Rayleigh scattering dominates when the size of the density fluctuation is α 1
and is thought to be one of the main source of attenuation in optical fibres since
the density fluctuations vary on a microscopic scale.
The coefficient used to define the energy loss due to scattered light is:
αsc =
8pi3
3λ4
(
n8p2
)
kBTfβ, (3.16)
where n is the refractive index, λ is the wavelength of the incident light, p is
the photoelastic coefficient, Tf is the fictive temperature and β is the isother-
mal compressibility. The fictive temperature is the temperature at which the
liquid structure is frozen into the glassy state and for silica glass, Tf = 1200
◦C,
however Sakaguchi et al. [78] have found that in silica core fibres Tf = 1600
◦C
due to dopants. Since Tf is a resultant temperature from the thermal history
of a given glass, the scattering intensity varies depending on Tf . For a typical
fibre, αsc = 2.53× 10−28λ−4m−1 (with p=0.286, β = 7× 10−11m2N−1, n = 1.5
and T = 1673 K.
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It is clear from the results above that the dependence of FRD on wavelength
is much weaker than the λ−4 dependence predicted by Rayleigh scattering,
however the value of Tf can be changed by heating the fibre and changing the
cooling rate: a slower cooling rate results in a lower Tf and therefore lower αsc.
The fibres in these tests were not subject to heating and cooling cycles and
this did not affect the FRD, however this may be an interesting topic for future
research.It is also possible that as the difference between the temperature of the
fibre and Tf increases, the scattering would increase.
Mie scattering
Mie scattering dominates when α ≈ 1, which in the optical regime is too large for
a density fluctuation, but it may apply to microbends along the core/cladding
interface or indeed to defects caused by end preparation.
As stated above, the warm results observed are consistent with those of
Haynes et al. [66] who found that when they tested a fibre with ends immersed
in index matching gel in order to eliminate surface defects, the scattering compo-
nent (Lorentzian component) at 532 nm reduced and the enclosed energy (EE)
increased. At 1064 nm, the Lorentzian component remained constant with little
improvement in the EE. Haynes et al. conclude that his result is consistent with
surface roughness scattering theory which scales as δ2λ−2 (where δ is the rms
surface roughness and λ the wavelength of light) such that long wavelengths are
less sensitive to small-scale surface structure. This result may also be explain
by Mie scattering which is similarly, weakly wavelength dependent.
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Geometric scattering
It is generally accepted that if the fibre is polished to a suitable optical quality,
and all dirt is removed from the end face that geometric effects will not con-
tribute to FRD.
In order to further determine which process is likely to be dominating we
must find the dependence on lambda in the experimental results.
If the difference in asymptotic Fout is calculated, it can be seen from figure
3.16 FRD is inversely proportional to the profile (FRD∝P−1), which is propor-
tional to D1/2 as given in equation 3.13. Equation 3.6 shows that D ∝ λ2 and
hence FRD∝ λ. The results do not show a linear trend.
Figure 3.16: Difference in asymptotic value as a function of wavelength.
If σ is adopted as a measure of FRD, from equation 3.13, it would be ex-
pected that FRD would scale in direct proportion to the wavelength. Taking
the angular width of the input and output beams as the inverse of the respective
CHAPTER 3. FOCAL RATIO DEGRADATION 89
focal ratios and deconvolving the distributions, it is true that :
σ (λ) =
{
F (λ)
−α
out − F (λ)−αin
}1/α
, (3.17)
where α=2 for Gaussian functions.
To generalize the wavelength dependency, the FRD is allowed to scale with
wavelength as σ ∝ λβ where the model prediction has ‘colour index’ β = 1. The
exponent is then estimated using
β =
ln [σ (λ1) /σ (λ2)]
ln (λ1/λ2)
. (3.18)
Estimates of β are shown in figure 3.17 for the three fibres for λ1 = 450 nm
and λ2 = 700 nm. Since the distributions are not strictly Gaussian, α was
varied but it was found that a value of 2 gave the least variation in β with Fin ,
so a value of α = 2 was adopted.
Although there is some difference between fibres for Fin ≤ 5, the results
are quite consistent from fibre to fibre. The index reaches asymptotic values of
approximately +0.2 when warm and -0.2 when cold. Over the full range of input
focal ratio excluding the first noisy point, the average values of β are +0.26 and
-0.11 at these temperatures. For Fin ≤ 5, the situation is less clear, but there
is still a systematic difference in colour index with temperature, of similar size
to the difference at the asymptotes, although at both temperatures the index
reaches more positive values, up to β = 0.5 when warm, but still much less than
the model prediction of β = 1.
Although many possible causes of the behaviour have been explored, the
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Figure 3.17: Colour index variations.
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complete explanation for the reversal in the wavelength dependence remains
unknown. It is noted that the source of the FRD is more effective at lower tem-
peratures where the output focal ratio asymptotes to a faster beam. It is also
noted that the refractive index of fused silica is a function of both temperature
and wavelength: differing by 0.01 between 450 and 700 nm and 0.003 between
77 and 296 K independent of the other variable (higher at higher temperatures
and shorter wavelengths). However, this is unlikely to cause effects more signif-
icant than 1 per cent in any measurable property of a fibre on a macroscopic
scale, compared with the observed difference of ∼10 per cent in the output
beam-speed. The same argument applies to microscopic effects if this difference
in refractive index was applicable to the contrast between the scattering centres
and the bulk material.
Nevertheless, if the scattering is due to the contrast between defects in the
fibre and the bulk of the fibre material in some property that affects scattering,
the implication is that this process is more effective at low temperatures. An
example of this behaviour would be if the difference in thermal expansion be-
tween the defects and the bulk material decreased with increasing temperature.
Since the differential expansion would produce localized stresses that affect the
refractive index, this could cause more scattering at low temperatures. Another
candidate is stress frozen in by the production process as the glass cools below
≈1200 K. A further reduction in temperature by ≈ 220 K from room temper-
ature to ≈ 80 K might increase this stress leading to greater FRD at lower
temperatures, as observed experimentally.
If the contrast in the scattering properties does indeed become greater at
lower temperatures by one or both of these mechanisms, the wavelength depen-
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dence could be explained if it follows Rayleigh theory, for which the scattering
scales as λ4. This could produce an extra component to FRD which increases
with decreasing wavelength and dominates over Gloge’s process which produces
more FRD at longer wavelengths.
3.5 FRD end effects
3.5.1 Introduction
The need for the fibre ends to be flat, smooth, and perpendicular to the axis
of the fibre is well documented, although the method of end preparation varies
widely depending on various restrictions. The quickest way to prepare a fibre is
cleaving, typically by scoring it with a diamond pen or tungsten-carbide-edged
blade, although a C02 laser [79], or spark erosion [80] has also been used. Once
the fibre has been scored, it is placed under tension and then bent along the
fracture until it snaps. Although this method is relatively quick to perform the
results are not always satisfactory and a visual inspection must be performed.
In addition to the problem of repeatability, it is extremely difficult to avoid a
small defect occurring at the point where the fibre is scored as is shown in panel
(a) of figure 3.18. The second method is to polish the fibre on progressively
finer grades of abrasive paper and finally on a solution of colloidal silica. This
method of polishing the fibre is time-consuming, however visual and interfero-
metric inspection of the end normally shows it to be high quality. Haynes et al.
[81] have shown that the quality of the polish has a large effect on the FRD by
comparing fibres with end face roughness of 245 nm and 6 nm rms.
Figure 3.18 shows the typical finish which can be expected when a fibre is
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cleaved or polished. All methods of preparing the ends of the fibre produce
stress. The amount of stress and the depth to which it propagates from the end
face is currently difficult to measure and methods can only be compared based
on the smoothness of the finish as assessed with a microscope or interferometer.
The most common rule-of-thumb is that stress propagates to 3 times the depth
of the biggest defect on the end face of the fibre although this has never been
proven. It has been shown by Craig et al. [62] that for the various fibres that
they tested, there is no observable difference in FRD between a properly cleaved
fibre and a polished fibre.
(a) (b) (c)
Figure 3.18: Results of different methods of end-preparation for a typical fibre
with a diameter of 100 µm (a) unprepared (b) after cleaving (c) after polishing.
In panel (b) the defect from scoring the fibre is clearly visible
In section 3.6 the Gloge model was modified to include two fibres with differ-
ent properties in series. This allows us to model the end effect as a short fibre of
fixed length with a larger number of scattering defects per unit length, d0, than
the main length of fibre. This parameter, d0 has different values depending on
the termination method used.
It has been shown by Avila et al. [54] that FRD is strongly affected by the
way in which a fibre is mounted. Avila et al. tested UV grade silica fibres and
found that, at an input focal ratio of Fin = 8, Fout fell from F/6.2 when the
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fibre was held gently in a clamp to F/3.2 when it was squeezed strongly. This
is an important issue because fibres are usually mounted in a ferrule or holder
to protect the tip and allow them to be polished in bulk. When the fibres are
mounted in this way they must be glued into position and it is extremely im-
portant to test the effects of various adhesives on the resultant FRD as shown
by Oliveria et al. [73]. This model also provides a quantitative measure of these
mounting methods which will be independent of the fibre used.
3.5.2 Experimental results
To test the experimental dependence of FRD with length, the cone method de-
scribed in section 3.3.1 was employed. The fibre used was a typical fibre made
by polymicro 1 ( FIP100110125) with a core diameter of 100 µm, which has
similar characteristics to fibres used in astronomical instruments. Input beams
ranging between f/1.7 and f/18.9 (i.e. cone half-angles 16◦ − 1.5◦) were used to
investigate how the FRD evolved with input angle.
Tests were taken for a case of a cleaved fibre of length 10 m immersed via
index-matching gel to a smooth flat glass plate and for the same fibre after it
had been polished to a 1 µm optical finish. The FRD curve presented in figure
3.19 shows that the fibre has a fairly good FRD performance with an FRD ratio
of around 1.1 at Fin = 4.5. The rationale for testing a cleaved fibre with index
matching gel was to make sure that the effect of stress was isolated from any
scattering caused by imperfections in the topography of the end face. The use
of index-matching gel for the cleaved fibre should eliminate the effect of surface
roughness and the smoothness of the finish would do the same for the polished
1Polymicro Technologies, A Subsidiary of Molex Incorporated, 18019 N. 25th Avenue,
Phoenix, AZ 85023-1200
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fibre. Furthermore, it is reasonable to expect that cleaving would result in rel-
atively low stress and therefore provide a baseline against which the results of
the polishing could be compared.
The test was repeated after the fibre had been cut to a length of 1 m for
both the cleaved and polished case. These two lengths of fibre will be referred
to as ’long’ and ’short’ for the remainder of this chapter.
The measured FRD for all scenarios under which the fibre was tested are
shown in figure 3.19. From this, the D parameter for the fibre has been esti-
mated in each of the specific cases (Table 3.4). The FRD ratio is the ratio of
Fin/Fout and is often used when describing the FRD performance of fibres. The-
oretical predictions using these parameters are also shown in figure 3.19. From
this it is estimate that the difference in FRD due to the different fibre lengths
for the cleaved fibre at the asymptotic value was 0.15± 0.7, and hence is clear
that within our experimental uncertainty, no length dependence is observed.
Table 3.4: Parameters need to produce theoretical curves which match experi-
mental results for the fibre preparation methods.
preparation fibre FRD ratio d0 D D×L
method length (at Fin = 4.5) (m
−1) (m−1)
cleave long 1.07 5.0 2.1× 10−5 2.10× 10−4
cleave short 1.09 52 2× 10−4 2× 10−4
polish long 1.19 9.1 4× 10−5 4× 10−4
polish short 1.15 85 3.7× 10−4 3.7× 10−4
In order to explain these results, we hypothesise that the fibre does not
contain the same number of scattering centres along it’s entire length. Instead,
the fibre must be modelled as two separate sections: the first being the end of
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Figure 3.19: FRD curves where experimental results are shown by crosses and
theoretical results produced by the original one-fibre model are given by a
smooth line
the fibre which is subject to large amount of stress and will therefore have a
large d0 parameter, and the second being the main length of the fibre which will
have a much smaller number of microbends per unit length.
3.6 Two fibre theoretical model
In order to add a second fibre into the model it is assumed that for a single
input ray at angle θin to the fibre axis, the output surface brightness at angle
θout is given by the Gloge model as F (θout, θin).
For a solid input angle defined by unit surface brightness for θin < θ0, the
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total output surface brightness is given by:
F1(θout,1, θ0) =
∫ θ0
0
F (θout,1, θin,1)2piθin,1dθin,1, (3.19)
where numerical subscripts denote the fibre being described as shown in figure
3.20.
Figure 3.20: Schematic diagram of how parameters are defined within the two
fibre model.
If a second fibre is added to receive light from the first fibre, the equivalent
number of single rays it sees at the input is given by:
dN(θout,1) ∝ F1(θout,1, θ0)2piθout,1dθout,1, (3.20)
and hence the output surface brightness in terms of the angle at the exit of the
second fibre, θout,2, is:
F2(θout,2, θ0) =
∫ ∞
0
F (θout,2,θout,1)dN(θin,2),
=
∫ ∞
0
F (θout,2, θout,1)F1(θout,1, θ0),
× 2piθout,1dθout,1.
(3.21)
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The coupling between fibres is achieved by setting θin,2 = θout,1.
Figure 3.21 shows curves for the output power distribution produced by
both the one-fibre and two-fibre model. In this figure, the results from the
two-fibre model are offset by 0.03 in the ordinate in order to show the two sep-
arate lines. Since we can’t determine d0,2 and L2 independently, we use the
product S = d0,2L2 to characterise the second fibre. This parameter essentially
quantifies the total number of scattering centres (microbends ) present in the
second fibre. The value of S was chosen to produce the same amount of FRD
at the asymptotic value as the one-fibre model. This figure shows that the two-
fibre model agrees well with the predictions made by the one-fibre model (itself
rigorously tested against experimental data here and elsewhere). Indeed the
difference in the 95% enclosed energy values of the one- and two-fibre models
differ by the same amount as the experimental error bars (see below). We use
the angle which encloses 95% of the energy to define the output focal ratio since
this reduces sensitivity to stray light in the experimental setup.
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Figure 3.21: Output power distributions predicted by the one fibre (dashed) and
two fibre models (solid, with an offset of 0.03 in order to be able to show both
curves) which should predict the same output power distribution as a check of
the new, two fibre model.
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3.6.1 Using the two-fibre model with the experimental re-
sults
The experimental results are now used to eliminate the length dependency and
compare stress induced by different end preparation techniques. To this end
the model can be run for various combinations of d0,1 and S to find a single set
of values which predict the experimentally-observed FRD curves. In order to
find this set of values, a number of constraints can be applied to the two-fibre
model, such that it is required that:
1. d0,1, S combinations where the difference in asymptotic Fout for the long
and short fibres is less than the experimental errors;
2. d0,1, S combinations which give an Fout which agrees with the experimen-
tal data at the asymptote for both the cleaved and polished fibres ;
3. d0,1 value less than that determined from the one-fibre model, and the
same for both the cleaved and polished fibres.
As is shown in section 3.5.2, the length dependence was less than F/0.15±
0.67 for the cleaved fibre. The contour plot shown in panel (a) of figure 3.22
shows the difference in asymptotic Fout between L=1 m and L=10 m with con-
tours shown in increments of 0.7. This plot defines the upper limit on allowable
∆F , and all values within the 0.7 contour region give acceptable solutions for
specific values of d0,1 and S. Panel (b) shows the difference in asymptotic Fout
between experimental and theoretical results for the cleaved fibre. The asymp-
totic Fout must be the same as the experimental data within the error bars. For
the case of the cleaved fibre, the error in Fout was determined to be 0.46. All
values within this 0.46 contour region give acceptable solutions for specific d0,1
and S. Figure 3.23 shows how these graphs can be combined to find a single
solution, marked by the large cross. A solution for the cleaved fibre is found
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at d0,1 = 0.1 m
−1 and S = 25. Using these constraints for the polished fibre
produces a solution at d0,1 = 0.1 m
−1 and S = 48.
Figure 3.24 shows the FRD curves for various lengths of fibre using these
parameters. From this figure it is clear that the length dependence of the model
has been removed within the lengths for which it was constrained. The small
discrepancies between the theoretical and experimental results arise due to mis-
alignments within the experiment and the fact that it was assumed that G was
a perfect step function rather than measuring it explicitly.
The second objective of the two fibre model is to provide a method of com-
paring stress induced by various end preparation techniques. Comparison of
the parameter S between the polished and cleaved cases gives a quantitative
assessment of the induced stress. The relative values show that there are twice
as many microbends per unit length when polishing the fibre, compared to when
it is cleaved. The high absolute values of S make a very strong argument for
taking great care to eliminate stress in the end-preparation process.
Currently, there is no method of determining the depth to which stress in
the end of the fibre extends. The rule-of-thumb that the stress propagates to 3
times the depth of the largest defect on the end face of the fibre implies that the
stress only affects a few µm of the length of the fibre and forces d0,2 to be ex-
tremely large. Thus, assuming that the defect size is determined by the smallest
grit size, implies L2 = 3 µm and d0,2 = 8.3×106 m−1 and d0,2 = 16.0×106 m−1
for the polished and cleaved fibres respectively.
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(a)
(b)
Figure 3.22: The two fibre model was run for various combinations of d0,1 and S
(where S = d0,2L2) . Panel (a) shows the difference in asymptotic Fout between
L=1 m and L=10 m with contours shown in increments of 0.7. Panel (b) shows
the difference in asymptotic Fout between experimental and theoretical results
for the cleaved fibre.
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Figure 3.23: The two fibre model was run for various combinations of d0,1 and
S (where S = d0,2L2). Panel (c) shows how these graphs can be combined to
find a single solution, marked by the large cross, for d0,1 and S which satisfies
experimental data. The black vertical line in panel (c) shows the d0,1 parameter
predicted by the one fibre model for the cleaved fibre.
3.7 Conclusions
In this chapter, factors which affect the focal ratio degradation (FRD) in optical
fibres have been investigated. It has been shown that the shape and size of the
core, the temperature of the fibre, and the wavelength of the incident light, all
affect the FRD performance, however the length of the fibre does not.
In Section 3.3 an experiment was designed in order to test the fibre prepa-
ration, experimental procedure, and data reduction techniques. Results on a
standard circular fibre showed that preparation procedures were sufficient to
test the fibres and the experimental procedure was established. In this section
the idea of using non-circular fibres in astronomical instrumentation was pre-
sented and it was shown that the theoretical model, which is designed to predict
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Figure 3.24: 2 fibre model results with d0,1 = 0.1 m
−1 and d0,2L2 = 25 for the
cleaved fibre and d0,2L2 = 48 for the polished fibre. It is clear that within the
errors the length dependence of the original model has been removed.
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the behaviour of circular fibres, must be further modified in order to be able
to accurately predict the behaviour of non-circular core fibres. This result was
expected but it is useful to ascertain the limits of the current model.
In section 3.4 it was determined that a qualitative understanding of the
anomalous wavelength dependency may be obtained if the scattering follows
Rayleigh theory and is dependent on the contrast between the scattering cen-
tres. One candidate for this is frozen-in stress resulting from the production
process or end preparation techniques. If it is due to frozen in stress when the
fibre is terminated, a two fibre model may be necessary to explain the experi-
mental results.
The results presented in section 3.6 agrees with results presented by other
authors who have found that the dependency of FRD on fibre length is much
weaker than predicted. Since FRD is a function of the number of microbends
per unit length, it may be expected that FRD would scale with length. How-
ever, results have shown that FRD is only worse in longer fibres when they are
wound onto a bobbin and therefore this effect is due to microbends induced by
macrobending. In this section it was assumed that the weak dependence on
FRD with length is due to the end effects of the fibre dominating over the FRD
from the middle section of the fibre.
In order to test this theory, the power distribution model described by Gloge
was adapted and a new model has been produced which eliminates the length
dependence on FRD. This model was tested against the original one-fibre model,
and with experimental data, showed good agreement. As a result of trying to
quantify the amount of stress within the end of the fibre it has been shown that
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the end-effect is extremely powerful.
If it is assumed that the d0,2 parameter characterizes the FRD induced in
the end of the fibre then it is possible to compare how the FRD produced in the
majority of the length of the fibre is affected. In the case of the cleaved fibre the
d0 parameter (which quantifies the amount of microbending) calculated using
the one fibre model was reduced from 5 m−1 for a 1 m fibre and 52 m−1 for a
10 m fibre to 0.1 m−1 independent of length using the two-fibre model. This
significant reduction is testament to the strength of the end effect and clearly
shows how much FRD is generated in the end of the fibre.
It was initially assumed that cleaving the fibre would produce very little
stress, however this was not shown to be the case. This model is therefore
extremely useful when comparing various end preparation techniques. For ex-
ample, our results show that cleaving the fibre halves the strength of the end
effect compared with polishing. The model can also provide an upper limit on
the FRD performance of any length of fibre and will therefore prove to be very
useful when building instruments for Extremely Large Telescopes.
Each fresh peak ascended teaches
something.
Sir William Martin Conway,
1856-1937.
Chapter 4
Using Photonic Crystal
Fibres in astronomical
instrumentation
Photonic crystal fibres (PCFs) offer the possibility of new applications in astron-
omy with important benefits to interferometry and multiplexed spectroscopy. In
this chapter the optimum method of preparation and maintenance of the PCF
face is investigated and the near-to-far field intensity distribution of the prop-
agating mode predicted and observed. This study is extended to investigate
the practical applications of using a Multicore-PCF (M-PCF) in astronomical
instrumentation. M-PCFs are essentially bundles of fibres of low multiplicity
(≤ 100) integrated within a single substrate. These devices are likely to be im-
portant as building blocks for future astrophotonic instruments aimed at spec-
troscopy with very high multiplex gains. The M-PCF is currently being tested
in order to obtain quantitative loss measurements, however it is shown that it
is possible to eliminate crosstalk between cores. It is also shown that standard
theoretical models can be used to predict the power intensity distribution.
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4.1 Introduction
Astrophotonics lies at the interface of astronomy and photonics and aims to
offer a solution to some of the problems of building instruments for the next
generation of telescopes through the use of photonic devices to miniaturise and
simplify instruments.
The field of astrophotonics has emerged over the past decade and early
successes include:
• planar waveguides to combine signals from widely spaced telescopes in
stellar interferometry;
• broadband Fibre-Bragg gratings to suppress unwanted background;
• Photonic Lanterns that convert multi-mode light into multiple single-
modes;
• arrays of waveguides to miniaturize astronomical spectrographs;
• Photonic Crystal Fibres
This chapter investigates the suitability of a Multicore-Photonic Crystal fi-
bre (M-PCF) for use in astronomical spectroscopy. However, before specific
applications are considered, section 4.2 provides a description of how the field
of PCFs has developed and how different types of fibre are classified. Another
requirement for using PCFs is for theoretical models to be developed which are
able to predict the behaviour of the fibres and these are outlined in section 4.2.3.
Required also are the technical skills such as end preparation techniques since
the normal methods used for optical fibres are not entirely suitable. In section
4.4 a standard type of PCF, a highly non-linear PCF, is experimentally tested
in order to prove the robustness of the theoretical model and the suitability
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of the end preparation techniques developed. After the preparation techniques
have been established and the theory tested, the M-PCF is studied in section
4.5.
4.2 Photonic crystal fibres
One of the most classical examples of photonic band-gap structures in nature are
the colourful spots on certain butterfly wings which can be observed to change
colour as the wings move. If this highly periodic structure is observed, it seems
like an obvious source of inspiration for a research device. However, despite its
broad application in nature [82], it is only recently that the principles have been
brought into use in optical components considered to operate by the photonic
band-gap effect.
The possibility of modifying the guidance properties by introducing a micro-
structure in the refractive index profile of optical fibres was first suggested by
Kaiser and Astle in 1974 [83], and in 1991 the idea emerged [84] that light could
be trapped inside a hollow core fibre by creating a periodic wavelength-scale lat-
tice of microscopic holes in the cladding glass - a photonic crystal. By further
manipulation of the fibre geometry the fibre can be designed to display a vari-
ety of properties such as endlessly-single-mode behaviour or highly non-linear
dispersion.
Since the realisation of the first PCFs in the mid 1990s interest has grown
both in the academic and industrial communities and this has led to the devel-
opment of a wide range of different types of fibre. Photonic crystal fibres are
also referred to as Micro-structured Fibres (MSF), or Micro-structured Optical
fibres (MOF), and all of these terms refer to the type of fibre in the broadest
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description. This broad description can be further refined by placing fibres in
two groups depending on whether the light is guided via modified total internal
reflection (MTIR) or via the photonic band-gap (PBG) effect. Fibres which
guide light via MTIR are often referred to as either High-Index Core (HIC) fi-
bres, Index Guiding (IG) fibres, or Holey Fibres (HF). Fibres which guide light
via the PBG effect are generally referred to as PBG fibres or Band-gap-Guiding
(BG) fibres.
These two divisions of MTIR and PBG guiding fibres can be further divided
into a number of sub classes, which are primarily determined by the dimen-
sions of the fibre structures, and their specific properties. Within the subset
of index-guiding fibres, three subclasses have emerged so far: High-numerical-
aperture (HNA) fibres, Large-Mode-Area (LMA) fibres, and Highly-Non-linear
(HNL) fibres. Within the subset of PBG fibres, a further three subclasses have
emerged: Low-Index Core (LIC) fibres, Air-Guiding (AG) or Hollow-Core (HC)
fibres, and Bragg fibres (BF). In this chapter, HIC fibres are investigated. The
following section discusses these fibres in more detail.
4.2.1 Properties of High-Index Core Fibres
As discussed above, high index core fibres guide light via a process of modified
total internal reflection (MTIR) since the effective refractive index of the core
is higher than the surrounding cladding material. These effective refractive
indices are typically obtained through the introduction of air-holes which may
be ordered in different patterns, and which have different shapes, as shown in
figure 4.1. Current fabrication techniques allow the relative size of the cladding
holes, d, to the centre-to-centre hole spacing (∆ =1-20 µm ), to range from
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1-90%.
Figure 4.1: Image taken, using a Nikon CFI Plan Fluor microscope with 100x
magnification, of a HNLPCF after it has been sliced using a Thorlabs X140
slicer. It clearly shows the holey structure which characterise PCFs and the
extremely small core sizes and large d/∆ ratios specific to non-linear fibres.
The fibre was illuminated with diffuse white light at the input and the mode
area can clearly been seen in the solid core region
.
As with traditional optical fibres, it is useful to characterise PCFs by their
ability to confine and conserve modal structure within the fibre.
The design of HIC fibres supports confined modes with a β/k-ratio that
obeys the relation:
ncl,eff ≤ β
k
≤ nco, (4.1)
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where β is the propagation constant of the guided mode, k the free-space
wave-number defined as k = 2pi/λ, ncl,eff is the effective refractive index of the
cladding structure and nco is the refractive index of the core. This relation is,
in principle, similar to that of traditional optical fibres. However, Knight et al.
[85] report a PCF which supports only a single mode over an extraordinarily
large wavelength range. This behaviour is not observed in traditional optical
fibres, and is explained due to the strong wavelength dependence of the cladding
refractive index. The number of index-guided modes, NPCF , is approximated
as:
NPCF ≈
(kρ)2(n2co − n2cl,eff)
4
, (4.2)
where ρ is the effective core radius. Since k ∝ λ−1, it follows that NPCF ∝ λ−2
and in the high frequency limit (λ → ∞) an infinite number of guided modes
may not be a feature of PCFs due to the vanishing core-cladding index difference.
In traditional fibre theory, a normalized frequency, V , is commonly used to
describe the properties of optical fibres. In order to use an expression similar to
that of equation 2.26 for PCFs, the cladding refractive index should be replaced
with βfsm/k, where βfsm is the propagation constant of the lowest order mode
in the cladding structure. Hence the equivalent expression for an effective V
parameter for index guiding PCFs becomes:
Veff = ρ
√
k2n2co − β2fsm (4.3)
One of the main concerns regarding the replacement of optical fibres with
photonic fibres is the coupling efficiency. However Corbett et al. [8] have
demonstrated that an atmospheric coupling comparison of large mode area
(LMA) and step-index fibres shows that for λ/λcut-off ≤ 1.35, LMA fibres can
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be used as a drop in replacement for single step-index fibre.
4.2.2 Highly Non Linear PCFs
The high non-linear coefficient and designable dispersion properties make HNL-
PCFs attractive for many non-linear applications and have been investigated
most intensively for their application to super-continuum generation using op-
tical pulses. This phenomena was first observed in 1970 by Alfano and Shapiro
[86, 87] , and is due to an interplay of non-linear effects such as self-phase mod-
ulation (SPM), Raman scattering, and four wave mixing (FWM). It has been
shown by Ranka et al. [88] that an extremely broadband super-continuum can
be generated covering more than two octaves from low energy (∼ 1 nJ) pulses
with an initial duration τ0 = 100 fs.
In optics, non-linear effects arise from the dependence of material proper-
ties on the electric and magnetic fields associated with the light beam. These
effects are due to the intensity having a non-linear dependence. For example,
self focussing of the beam arises due to the non linear dependence of refractive
index on intensity, whereas Second Harmonic Generation (SHG) arises due to
the non-linear dependence of polarisation on the electric field [89].
Photonic crystal fibres have a major advantage over traditional optical fibres
in this regime since their geometry can be tailored. HNL-PCFs are characterised
by having extremely small core sizes (∼ 1µm) and large d/∆ ratios as shown
in figure 4.1 where ∆ is the pitch (distance between the centre of two adjacent
holes). Small core sizes and a large core/cladding index contrast result in small
effective areas and high non-linear coefficients. The effective index difference
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between the core and cladding is a strong function of wavelength since at longer
wavelengths, the modal field extends further into the airholes, thereby reducing
the effective cladding index. Photonic crystal fibres have revitalised the area of
non-linear fibre optics since they can have non-linear coefficients three orders
of magnitude more than standard fibre [90]. Modifying the geometry of PCFs
changes the mode size of the field, which in turn alters the effective non-linearity
by either increasing or decreasing the intensity. Altering the intensity alters the
non-linear phase change that is experienced by light during propagation [91].
The result is that a wide range of non-linear processes can be observed with a
short piece of fibre and a modest laser power available in most optical labora-
tories.
4.2.3 Theory and Modelling of Microstructured Fibres
Since the field of PCF fibre theory is relatively new, attempts have been made
to adapt existing wave-guide or fibre analysis. Although this method is not
robust enough to fully predict the behaviour of a PCF, it is still possible to use
some elements from standard-fibre modelling. For the index-guiding PCFs, it
is possible to apply an approximate scalar model, based on an effective index
of the cladding [92, 93]. However, this approximation approach has a limited
application range and in order to be able to design and accurately predict the
behaviour of new PCF structures, more powerful tools must be employed such
as those described in table 4.2.
The experimental results described in section 4.4.2 and 4.6.2 which show
the far-field power distribution of a highly non-linear PCF and a multi-core
PCF respectively, are described by a model which assumes that a discrete set
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of Gaussians at the end face of the fibre add up in the near-field, similar to the
multipole method. This model was developed by Mortensen et al. [112] and is
described in the following section.
Mode Propagation in the far-field
Mortensen et al. proposed a semi-empirical model based on characterising the
near-field as a sum of seven Gaussian distributions: one Gaussian in the guiding
core and suppressing Gaussians from the nearest air-holes. This model has been
successfully used to predict the far-field intensity distribution observed experi-
mentally [113, 114].
As was the case with optical fibres, any description of mode propagation
begins with a description of Maxwell’s equations (equations 2.10:2.13). The
photonic crystals are assumed to be constituted of linear, isotropic and non-
magnetic materials, hence the constitutive equations are:
D = εrε0E, (4.4)
B = µrµ0H, (4.5)
where εr is the relative dielectric constant, ε0 is the free-space permittivity,
µ0 is the free-space permeability, and µr is the relative permittivity (which for
dielectric waveguides is usually set to µr = 1). If we ignore the time dependence
and assume that the field only varies in z, the E and H fields of angular frequency
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inside the fibre, ω, may be expressed as:
E(x, y, z) = e(x, y) exp [iβ(ω)z] , (4.6)
H(x, y, z) = h(x, y) exp [iβ(ω)z] . (4.7)
Using standard Fresnel diffraction transforms we know that the electric field
diffraction pattern at a point (x,y,z) outside of the fibre is given by:
E(x, y, z) =
z
iλ
∫∫
A(x′, y′, 0)
exp [ikr]
r2
dx′dy′, (4.8)
where r =
√
(x− x′)2 + (y − y′)2 + z2.
This transform basically adds together the amplitude of the spherical waves
at the end of the fibre and propagates in the z-direction.
Mortensen et al. take the form of the field as
I(s) =| h(s) |2=|
∑
j
Aju(s− sj , ωj) |2, u(s, ω) = exp(−s2/ω2), (4.9)
where s = (x, y) is a position vector on the end of the fibre, and the summation
runs over the guiding core and the six nearest air-holes.
For the radiation in free space this gives a linear combination of expanding
Gaussian beams, which is a well studied problem [89, 115]. Neglecting the
small back-scattering from the end-facet, the Gaussian u(s, ω) at finite z ≥ 0
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transforms as
u(s, ω)→ u(s, z, ω) =
(
1− i 2z
kω2
)−1
exp
[
−ik
(
z +
s2
2R(z)
)
− s
2
W 2(z)
]
,
(4.10)
where R(z) = z(1 + k2ω4/4z2) and W (z) = ω(1 + 4z2/k2ω4)1/2. The inten-
sity is now calculated as a particular simple linear combination at a distance z
away from the end face of the PCF;
I(s, z) =
∣∣∣∣∣∣u(s, z, wc)− γ
6∑
j=1
u(s− sj, z, wh)
∣∣∣∣∣∣
2
, (4.11)
where j is the number of air-holes being summed over, z is the position of the
output along the z-axis and u defines the Fresnel transformation of the Gaus-
sian function centred on sj and of standard deviation wh. The amplitude of the
Gaussian function representing the holes is smaller than the Gaussian function
representing the core by a factor of γ. The first term gives the overall Gaussian
intensity profile of the mode and, with γ ≈ u(R−c, wc), the additional six terms
of opposite sign suppress the intensity at the six air-holes nearest to the core at
finite z > 0.
Before this theory can be further tested, a fibre must be prepared and an
experimental setup designed which will allow the power distribution in the far
field to be observed.
4.3 Fibre preparation
To date, a great deal of work has been published regarding the termination of
conventional optical fibres, however the literature regarding PCFs is less abun-
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dant. There are many methods to prepare a PCF, however all have significant
disadvantages. This section discusses the three main methods of fibre prepara-
tion; polishing, cleaving, and slicing.
4.3.1 Polishing
With regard to optical fibres, polishing the fibre is the preferred method of
termination since it usually produces a near perfect finish. There are two main
reasons for polishing an optical fibre. Firstly, dirt must be removed as this could
either refract the ray or absorb it completely which would cause anomalies in
the final result. Secondly, surface imperfections such as scratches or micro-
pits should be eliminated as they may also refract the light or indicate frozen
in stress. It is difficult to quantitatively measure stress, and the amount of
stress as a result of polishing cannot be determined. However it is a reasonable
assumption that a rough end has more stress than a smooth end. When a fibre
is polished, any protrusions removed by the abrasive paper will cause a shock
to the surrounding material. However, when it comes to photonic crystal fibres,
this method is not as suitable since the debris collects in the holey structure.
This problem can be overcome by holding the end of the fibre in ultra-sonicated
water for 2-3 seconds. It has been found empirically that if the debris is removed
from the holes between different polish grades then the damage to the air-holes
is minimized. This technique then requires a final step to remove the water
which has collected in the holes via capillary action using an alcohol such as
acetone or isopropanol. However there is a risk that although the water has
been removed from the end of the fibre, it may remain at some point inside the
fibre. The final problem with this method is that due to the different hardness
of materials over the end of the fibre, material is removed at a differential rate
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resulting in a slightly concave facet as shown by figure 4.2.
4.3.2 Cleaving
A fibre is cleaved by scoring using a diamond scribe by hand and then bending
the fibre until it snaps along the fracture. This method is quick to execute
however the finish must be inspected carefully and repeated until the desired
result is achieved as optimum results require a high level of skill. It is extremely
difficult to achieve a perfectly flat facet which is perpendicular to the length
of the fibre as is shown by figure 4.3. The working depth of the microscope
objective was 0.3 mm so the out of focus region in figure 4.3(b) shows that the
end is not flat to within 0.3 mm. Consequently this method is not suitable for
systems involving numerous fibres such as those being proposed for the next
generation telescopes when efficient and reliable methods of end preparation
will be paramount.
4.3.3 Slicing
There are many commercial fibre slicers available which provide a quick and
easy method of preparing the end of a fibre with repeatable and reliable results.
In order to slice a fibre, the buffer must first be stripped. When working with
bare fibres in a non-clean room environment, dust and other contamination
might deteriorate the performance of the fibre and result in an unpredictable
performance. As a result of this and since the fibre facet cannot be cleaned,
re-cleaving the fibre is necessary before any measurements can be taken. Re-
cleaving can be avoided by using a connectorized fibre with sealed, cleanable
end facets although this is not practicable for many applications. If the fibre
is used in a cryogenic environment for example, differences in the coefficient of
thermal expansion between the fibre and the holder may result in misalignment
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and other undesirable effects.
4.4 Results of testing an HNL-PCF
In order to test the end preparation techniques and theoretical model described
above a 30 cm length of a highly non-linear PCF (HNL-PCF) of which little
was known, was selected. The dimensions of this fibre were measured and are
shown in table 4.3.
Table 4.3: Dimensions of the fibre measured from the microscope image (see
figure 4.1) where d=diameter of air-holes, ∆=pitch(distance between the centre
of two adjacent air-holes), Rc=radius of solid silica core
d (µm) d/∆ (µm) Rc (µm) Percentage of cladding which is holey
0.97± 0.07 0.74± 0.09 0.7± 0.03 13.1± 0.4
4.4.1 Comparing preparation methods
The various preparation methods were outlined in section 4.3 and figures 4.2-4.4
show results achieved using these preparation techniques.
Table 4.4 shows a summary of the results obtained using the different meth-
ods of termination. The results for the flatness gained by polishing the fibre
look the most promising, however debris and liquid remained trapped in the
holes and consequently the light was not guided sufficiently. Cleaving the fi-
bre resulted in a smooth but not flat end and although the light was guided,
the process must be repeated many times before a desirable result is achieved.
Slicing the fibre using a X140 slicer from Thorlabs proved to be an extremely
reliable process.
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(a) diameter=2.84 µm (b)
(c)
Figure 4.2: Results of polishing a PCF. (a) Output distribution when uniform
white light is incident on the input end of the fibre. As a result of air holes
becomming blocked during the polishing process, the light is not guided ’cleanly’
and the output is not a smooth Gaussian spot. (b) Microscope image of the
end of the fibre. Black holes are holes which are free of debris, coloured holes
are those which are filled with liquid, and holes which are the same colour as
the solid silica cladding are those which are blocked with debris, (c) Map of
surface height of the end of the fibre showing a slightly concave end face due
to differential hardness over the surface. Although the difference is only a few
microns this may be important for some applications.
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(a) (b)
Figure 4.3: Results of cleaving a PCF. (a) a good finish can be achieved with
a high level of skill (dimensions: holey region diameter = 14.9µm, cladding
diameter = 121µm, buffer diameter = 277µm, (b) Microscope image of the end
face shows that all of the holes are clear and undamaged, however the out of
focus regions around the outer ring of holes shows that the end is not flat. The
fibre was illuminated with diffuse white light at the input and is well guided at
the output however it may not be aligned with the optical axis due to the end
not being perpendicular to the length of the fibre.
Figure 4.4: Results of slicing the fibre using a Thorlabs X140 slicer. (a) Mi-
croscope image of the end face of the fibre after it has been sliced. The end
is flat, and the holes are not damaged during the slicing process. The damage
to the silica cladding is a result of the initial scoring before the fibre is bent
and snapped and does not affect the confinement of the light in the core. The
cladding has been stripped which results in an extremely fragile strand of glass.
(b) Surface map of the end of the fibre showing that the end of the fibre is flat
to within 0.3 µm.
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Table 4.4: Summary of quality of the end face after it had been prepared by the
methods discussed in section 4.3
Method PV (µm) rms (nm) RA (nm) light
Polish and Ultrasonicate 4.4 256 206 not guided very well
Cleave 342.4 896 246 guided
Slice (1) 17.6 662 298 guided
Slice (2) 8.0 266 179. guided
Slice (3) 17.9 360 180 guided
4.4.2 Near-field to far-field transition
As a test of the end finish the fibre was mounted in an optical system as shown
by figure 4.5. Both the throughput and the near to far-field transition of the
modal distribution were investigated.
Figure 4.5: Experimental set-up to view the near to far-field transition of the
output of the fibre
The fibre was fed with light propagating at a free space wavelength of λ =
635 nm and an input ratio of f/2.5 so as not to exceed the numerical aperture
of the fibre. Throughput measurements were take in order to determine how
much of the light incident on the cladding at the input was guided by the fibre.
Results were compared to a pinhole image in order to provide a calibration. The
smallest available pinhole had a radius of 5 µm so these results were scaled to
the size of the guiding region in the fibre (Rc = 0.7 ± 0.03). Figure 4.6 shows
the average throughput as the output of the fibre is moved along the z-axis.
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Figure 4.6: 89%± 2% of the incident light was guided by the fibre. Since ∼ 4%
will be lost at each air-glass interface, this shows that only ∼ 3% of the incident
light was lost within the fibre.
It is expected that a PCF would guide around ∼ 92% of incident light since
∼ 4% will be lost at each air-glass interface. It is clearly shown by figure 4.6
that the fibre does not guide all of the light and by taking an average of the
fibre data, the percentage of incident light which was guided by the fibre was
calculated to be 89%± 2%. This means on average ∼ 3%± 2% of the light was
lost within the fibre. The greatest source of error was the read noise of the CCD
since the number of counts was relatively low.
After it had been established that the fibre was guiding a sufficient pro-
portion of light incident on the input, the near-field distribution was measured
using a microscope objective in order to magnify the modal power distribution
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onto a CCD. By translating the fibre away from the focal plane, the intensity
distribution was imaged at different distances between the near and far-field as
shown by figure 4.7.
It can be seen that at certain z-translations the mode propagates as would
be expected from any standard PCF, transforming from a single Gaussian and
then developing satellites resulting from the innermost ring of air-holes. How-
ever at certain positions, the intensity distribution suffers from a dip in the
centre. In order to verify these distributions, the results were compared to a
model proposed by Mortensen et al. [112] described in section 4.2.3. Using
γ=0.1 provides an acceptable fit by eye to the model of Mortensen et al. and
these results are shown in figure 4.8.
Comparison of the experimental data with the Mortensen model shows qual-
itative agreement and suggests the fibre is guiding light as expected. Figures 4.7
and 4.8 show that in the extreme near-field the intensity distribution is circular
and becomes progressively hexagonal as z increases. At z = 6 µm the Gaussian
function in the holes dominate over the central Gaussian function resulting in
a bright ring with no peak in the centre. At z = 8 µm the central peak returns
with a large contribution from the air-holes since structure can be seen in the
ring. As z increases further the distribution returns to a smooth Gaussian. The
most important result is that the pattern produced by the air-holes profoundly
modifies the overall Gaussian function and this result is in agreement with the
model. It is proposed that this is due to the extremely high d/∆ ratio com-
bined with the extremely small core size which results in the air holes having
a large influence over the far field distribution. This result was also found by
Mortensen et al. [112].
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(a)z=1 µm (b)z=2 µm
(c)z=3 µm (d)z=6 µm
(e)z=8 µm (f)z=13 µm
Figure 4.7: Experimental intensity distribution as the fibre is translated away
from the focal plane. (a) to (b) In the extreme near-field the mode is circu-
lar with a Gaussian profile,(c) an airy disk develops as the diffraction limit is
approached, (d) and (e) air holes modify the overall Gaussian distribution suffi-
ciently to produce higher order spots, (f) the distribution returns to a smooth,
circular Gaussian in the far-field.
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(a)z=1 µm (b)z=2 µm
(c)z=3 µm (d)z=6 µm
(e)z=8 µm (f)z=13 µm
Figure 4.8: Theoretical intensity distribution as the fibre is translated away
from the focal plane. In the extreme near-field the mode is circular with a
Gaussian profile,an airy disk develops as the diffraction limit is approached, the
mode transforms to hexagonal intensity distribution, air holes modify the overall
Gaussian distribution sufficiently to produce higher order spots, and finally the
distribution returns to a smooth, circular Gaussian in the far-field.
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4.5 Assesment of Multicore-Photonic Crystal fi-
bres for astronomical instrumentation
Multi-core-Photonic Crystal Fibres (M-PCFs) contain multiple photonic cores
which guide light analogously to small fibre bundles, but are contained within
a single substrate to form a single integrated component. This is an emerging
technology of significance to several areas of astronomical spectroscopy, espe-
cially highly-multiplexed spectroscopy where very large numbers of fibres can be
used to target individual points in the field and guide the light to a set of spec-
trographs. These are astrophotonic devices, originally developed for telecom-
munications, that exploit photonic properties to provide new types of behaviour
which are not available from the bulk material properties alone [116]. For this
reason, we are investigating the performance of research devices to assess their
suitability for use in the next generation of astronomical instrumentation. The
main areas where M-PCFs are relevant are briefly outlined below.
1. Diverse-field spectroscopy (DFS) [117] is a generalisation of integral field
and multi-object spectroscopy which allows arbitrary distributions of con-
tiguous or non-contiguous spaxels to be routed to an optimised set of
spectrographs. The DFS paradigm requires hardware of various levels of
sophistication. One important component of the system is a fibre bundle
that guides light from the whole field into a set of optical switches for
routing into the restricted number of locations within the spectrograph
slits. The fibre bundle needs to contain very large numbers of fibres, de-
signed and manufactured in a highly structured and modular way. The
fibre system would have, at its lowest level in the hierarchy, small bundles
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of fibres capable of targeting individual objects, using the small multiplex
gain in each unit bundle to improve spectroscopic accuracy by eliminating
aperture effects, guiding errors and maximising throughput. Although the
main focus of this application is on multi-mode devices, the performance
of single-mode M-PCFs is highly relevant.
2. Multicore-PCFs could be used as a multichannel transmission line with
minimal crosstalk if the holes between the cores are enlarged. The result-
ing large refractive index step would effectively isolate the cores from each
other. The cores may then become multimode, but it may be sufficient
to filter off the higher modes over a short length by partly collapsing the
holes using a heat source such as a fibre fusion splicer.
3. Fibre bundles, as described in 2.1, can be modified to provide spatially-
resolved spectra. This requires that the input field is reformatted into
a 1-D linear distribution so that the bundles perform as an integrated
small integral field unit (IFU), or for image slicing to boost the product
of throughput and resolving power. This can be achieved either by post
processing (as is the case for the hexabundles described below) if it does
not disrupt the internal light-guiding properties, or by the addition of a
fan-out (2D or 3D) wave-guide structure [118]
4. Although most photonic devices work only with single-moded light, the
input from most telescopes is likely to be multi-moded (with mode mul-
tiplicity 10-100). The ability to convert multi-mode light to single-mode
light is an essential function. There are various ways to tackle this, for
example by using photonic lanterns [119], however, this relies on adiabatic
transitions which are not trivial to realise in a PCF with a solid silica outer
cladding. The outer cladding acts as a large ring-shaped waveguide (with
lower-index material inside and outside), to which light can couple and
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become lost inside. It may be possible to support an adiabatic transition
if most of the holes were gradually collapsed along a length of the fibre,
while one or two layers of holes immediately adjacent to the outer cladding
were instead kept open or indeed enlarged1. Such a transition would end
in a large central solid core optically isolated from the outer cladding by
a holey layer, i.e. a multimode PCF and has been demonstrated by Chen
et al. [120].
4.5.1 Multi-core fibres
A lot of work has been done with multiple core optical fibres working in single
mode. However, most of these fibres are limited to 4 cores with a pitch of around
50 µm . These have been used to measure strain, by interferometry between
any two cores. Flockhart et al. [121] have successfully demonstrated the use of
multi-core optical fibre containing three fibre Bragg gratings for curvature mea-
surement about two axes simultaneously. Silva-Lopez et al. [122] show similar
results but also investigated how load affects inter-channel crosstalk. They find
that cores directly under the load point suffer from peak splitting more than
cores located at an angle to the load. Rosinksi et al. [123] coupled light into
a multi-core fibre (4 cores) using vertical cavity surface emitting lasers and test
for efficiency. No cross-talk was observed.
The M-PCF shown in figure 4.10 is a fibre where multiple sites within the
structure act as solid guiding cores, and was initially created for use in an opti-
cal interconnection system. Similar issues to those facing astronomical instru-
mentation are also facing those working in the telecommunications industry.
Electronic processors are becoming faster and more compact, able to handle
more data, and the data interconnections between them will, within the next
1private communications with Prof Tim Birks
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few years present a significant technological barrier. Taylor et al. [124] report
results from fifteen fibre samples produced by Crystal fibre A/S all with the
same preform, but at slightly different pitches. They report a maximum cou-
pling efficiency of 40 % from a vertical cavity surface emitting laser (VCSEL) to
core. Also an optical power coupling between adjacent cores, including fibre-end
and evanescent coupling, of -44 dB over 1 m was measured: this is equivalent to
a coupling constant of 0.006 dB m−1, which is as low as expected from modelling.
Roberts et al. [125] have shown that the guiding properties of Multi-core
PCFs can be efficiently calculated following a cluster multiple-scattering (CMS)
approach [126]. Roberts et al. show that the beat length, lbeat, which provides
a good measure of the length scale, over which interaction between cores takes
place, rapidly increases with decreasing wavelength, λ, and increasing hole sep-
aration, a. They note that if the hole sizes are kept at a fixed fraction of the
hole spacing;
lbeat ∝ a
2
λ
; for λ ≤ a. (4.12)
The hybridization length thus increases markedly with core separation, re-
sulting in independent core separation.
4.5.2 Implementation
In 2007 Thomson et al. [127] demonstrated that ultra-fast laser inscription
could be used to fabricate 3D wave-guide interconnects which facilitate the re-
formatting of the two-dimensional array of guiding cores into a one dimensional
array of guiding cores. Recently, this concept has been extended to multi-core
fibres which consist of ≥ 100 guiding cores for astrophotonic applications [128].
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Although the insertion losses of this proof-of-concept device were high (≥ 5 dB),
the authors believe that this can be greatly improved. If these fibres were to be
used in a spectrograph, it may be necessary to couple the M-PCF to a planar
arrayed wave-guide grating (AWG) where the light is dispersed and projected
onto a two-dimensional detector array. To solve this coupling issue it would
be possible to utilise a three-dimensional fan-out device similar to the device
developed by Thomson et al. shown in figure 4.9.
Figure 4.9: Conceptual diagram of the integrated three dimensional fan-out
device developed by Thomson et al. [128]
4.5.3 Performance metrics for astronomical spectroscopy
As described in section 4.5, M-PCFs are key to several areas of modern astron-
omy, by providing an extra degree of versatility and the potential performance
advantage of photonic behaviour (although this might be considered to be a
double-edged sword since there is also a requirement to convert multi-mode
CHAPTER 4. PCFS IN ASTRONOMY 134
celestial light into single-modes). Even without the photonic advantage, multi-
core fibres are likely to be of great benefit to multiplexed spectroscopy because
of their flexibility and small size.
The key parameters that we need to measure for astronomical applications
are: throughput, cross-talk and the distribution of light at the output. These
may all be affected by the accuracy of spatial registration between the input
light and the cores, so it is important to determine the tolerances on spatial
registration between the M-PCFs and the feed optics. Cross-talk is also criti-
cal to their use as mini-IFUs in order to avoid degrading the spatially-resolved
spectral information as it emerges from adjacent cores. Similar arguments apply
to their potential use as mode filters. Since these are single-mode devices, the
distribution of light at the output should be predictable using standard single-
mode wave-guide theory without the complication of focal ratio degradation
[129].
4.5.4 Fibre Preparation
As was discussed in section 4.3, cleaving the fibre is accepted as the best way to
prepare any type of PCF since slicing produces variable results and polishing re-
sults in air holes being filled with debris and a concave surface on the end of the
fibre due to material being removed at different rates [113]. The usual methods
of cleaving the fibre is to remove the buffer material from the end of the fibre,
stretch it, score it and bend it until it snaps along the fracture. However, when
the buffer was removed from this multi-core fibre it was extremely brittle (which
may be due to the excess of holes, or the large size of the cladding diameter).
In order to overcome this problem, buffer material was only removed from the
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middle section of the end of the fibre and then scored and snapped. The re-
sults obtained using this method of cleaving are shown in panel (a) of figure 4.10.
An image of the end face of the fibre is show in panel (a) of figure 4.3. Panel
(b) shows how the parameters are defined.
The fibre is a M-PCF which has 37 cores, the dimensions are summarised
in table 4.5. The value of d/∆ is often quoted when PCFs are described since
this gives an indication of the number of modes the fibre can support. It is
interesting to note that the geometry of each individual channel is similar to
the geometry of the individual air-holes and the value of d/∆ is extremely close
to that of DC/∆C .
Table 4.5: Dimensions of the M-PCF fibre
airholes
airholes
d/∆
eff. holey eff. core
length
pitch core region pitch
d, µm ∆, µm DC , µm H, µm ∆C , µm m
diameter 2.3 6.1 0.4 12.7 25.6 31.9 2
error 0.14 0.18 0.07 0.41 0.20 0.41 0.1
4.5.5 Experimental setup
The experimental setup used throughout the investigation is shown in figure
4.11. The pinhole was mounted in such a manner as to allow it to be eas-
ily removed and replaced with pinholes of different sizes. A laser operating at
λ = 632 nm was used for all tests. The first lens system gave us the flexibility
of magnifying the input spot. The beam splitter combined with a viewing mi-
croscope allowed us to inspect the light being injected into the individual cores.
The input face of a 2 m length of M-PCF was mounted onto two micrometer
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(a)
(b)
Figure 4.10: (a) Image of the end face of the fibre after it has been cleaved, (b)
Definition of parameters. The dimensions of the fibre are given in table 4.5.
CHAPTER 4. PCFS IN ASTRONOMY 137
stages in order to allow us to position the input beam at the desired location.
A Q-imaging CCD with a pixel size of 6.45 µm was used to record the output
image.
Figure 4.11: Basic layout of experimental setup with λ = 632 nm and a 2m
length of M-PCF.
4.6 Experimental Results of M-PCF Testing
As described in section 4.5.3 we set out to investigate the following parameters:
1. To quantify the amount of crosstalk observed between cores since we need
to avoid contamination of the signal from one object by other objects in
the field. To this end, illuminating spots of varying sizes was positioned
onto an arbitrary core and the output was recorded in the form of a FITS
file;
2. To determine the accuracy to which the input spot must be positioned on
a core guiding area whilst still maintaining a satisfactory efficiency. This
is determined once the optimum input spot size has been established.
3. To determine if the distribution of light at the exit of a single core could
be modelled using existing PCF theory.
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4.6.1 Crosstalk
Taylor et al. [124] have tested similar fibres and reported low crosstalk at
λ =850 nm. Taylor et al. also modelled the PCFs structures using an equiv-
alent step index method and coupled wave theory to calculate the coupling
constant for different fibre geometries as shown in figure 4.12.
Figure 4.12: Coupling constant κ against diameter of airholes, d, for cores
31.25 µm apart and different periodicity as calculated by Taylor et al. [124].
The shaded area shows the single-mode regime.
In order to further investigate the crosstalk and determine the accuracy to
which the input spot must be positioned on the endface of the fibre, qualitative
measurements were made.
Figure 4.13 was obtained by illuminating the input face uniformly. The im-
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age was used to define the location of the cores so that the cross talk could be
assessed accurately as a function of position with respect to the cores. The pitch
was found to be 37.0 ± 4 µm , hence a small amount of defocus was inherent
in the optical system which could affect the magnification and therefore the
position of the cores. For the remainder of the analysis, pitch measurements
were compared to this value.
Figure 4.13: Image of the end face of the fibre after the entire input face is
illuminated. A small amount of defocus is inherent in the optical system and
this image is used as a reference to confirm that crosstalk is indeed power in
adjacent cores and not light in air-holes, or satellites in the far-field.
Since the mode field diameter of the fibre was not known, tests were initially
performed with a 20 µm spot placed at various positions on the end face of the
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Figure 4.14: Output image when a 20 µm spot of λ = 632 nm light is focussed
onto the centre of an arbitrary core at the input. Cross talk can be seen in 3
neighbouring cores. (Core 1 is the target core and cores 2 and 3 are neighbouring
cores).
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fibre. Figure 4.14 shows the near-field pattern when a 20 µm spot is focused
onto the centre of a guiding core. The first analysis aimed to determine whether
these spots were in a position consistent with the measured dimensions of the
fibre or whether they were ghosts or stray light. The distance between the cross
talk spots is 37.4± 0.4 µm compared with a measured pitch of 37.0± 0.4 µm .
From these measurements it is clear that light is leaking into neighbouring cores
and that the mode field area of the fibre has been exceeded.
It is clear that by comparing the pattern of spots in figure 4.13 and figure
4.14 that light is guided, in varying degrees, in 5 of the surrounding cores. As the
input spot is moved away from the centre of the first core, the amount of light
in the adjacent cores increases. Figure 4.15 shows how the percentage of light
in the surrounding cores changes as the input spot is moved in micrometer steps.
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Figure 4.15: If a spot larger than the mode field diameter is injected into a single
core, crosstalk is observed in neighbouring cores. As the input spot is moved,
the percentage of light in the ’main’ core decreases as the spot is translated
away from its centre.
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The 20 µm pinhole was then replaced with a smaller pinhole and figure 4.16
shows the results of moving a 5 µm spot around the input end of the fibre.
The spot was initially positioned on an arbitrary core by optimising light in-
tensity at the output. When the input spot was in a position that gave the
maximum power intensity at the output, this was recorded as being the centre
of one of the cores. The input spot was then moved in micrometer steps away
from the center of the core until no light was guided. Figure 4.17 shows how
the intensity at the peak falls as the spot is moved away from the centre of
the core. Also shown in figure 4.17 is how the total intensity in the M-PCF
decreases as the input spot is moved away from the centre of the guiding core.
This allows us to see if light is being lost or simply redirected into an expanded
output spot. This figure suggests that the light is not being transmitted by
the fibre but is lost (presumably the light is being reflected back towards the
source). This is consistent with the behaviour of endlessly single mode PCFs
where the throughput depends on the position with respect to the mode area [8].
4.6.2 Far-field results
Figure 4.18 shows the results of translating the CCD away from the focal plane,
and imaging the intensity distribution at different distances between the near
and far-field.
A good fit is obtained by assuming a value of γ = 0.5.
The far-field distribution follows the trend predicted by the theoretical model
considering the small size of the air holes compared to the large solid guiding
region. Since the air holes are comparatively small, the contribution from the
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Figure 4.16: Plot through the centre of the image if a 5 µm spot is injected into
a core. The spot shows a distinct maximum spot and no crosstalk is observed
in any other part of the image
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Figure 4.17: Graph to show how the amount of guided light decreases as the
input spot is moved away from an arbitrary core. The dashed line shows the
normalised peak intensity and the solid line shows the total number of counts.
This clearly shows that light is being lost, into the cladding, or by reflection or
scattering.
CHAPTER 4. PCFS IN ASTRONOMY 144
(a) (b)
(c) (d)
(e) (f)
Figure 4.18: Experimental far-field intensity distribution as the CCD is trans-
lated away from the focal plane by (a) 1 µm , (c) 5 µm , (e) 9 µm . Theoretical
far-field intensity distribution as the CCD is translated away from the focal
plane by (b) 1 µm , (d) 5 µm , (f) 9 µm . a value of γ = 0.5 was empirically fit.
CHAPTER 4. PCFS IN ASTRONOMY 145
satellites is relatively small. Indeed it is clear that the central spot in the
experimental M-PCF is saturated in order to gather enough power from the
satellites. When the M-PCF were not saturated, only a central spot with a
Gaussian power distribution was detected. The theoretical plots shown in fig-
ure 4.18 are plotted on a logarithmic colour scale in order to show the satellites.
By comparing the theoretical and experimental power distributions it can be
seen that the mode propagates as would be expected from a standard, single
core PCF. As predicted the mode transforms from a single Gaussian and then
6 satellites develop at a pi/6 rotation compared to the orientation of the air holes.
4.7 Conclusions
In this chapter photonic crystal fibres (PCFs) have been investigated with a
view to their application as astrophotonic devices. Astrophotonics is defined
as ‘the use of materials to manipulate light for the purpose of improving our
understanding of the universe through astronomy and astrophysics using optical
systems to collect and process light.’
Three different aspects of PCFS have been discussed in this chapter:
1. how to prepare PCFs;
2. how their behaviour can be modelled;
3. how they can be used in astronomical instrumentation.
The quality of the end face of a fibre is extremely important to the propagation
of light in terms of both throughput and intensity distribution. The standard
practice of preparing normal optical fibres is to polish using progressively finer
grades of abrasive paper. However, if this method is used to prepare a PCF,
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debris can become trapped in the air-holes and consequently affect the confine-
ment of light into the core. A further problem arises due to the differential
hardness of materials over the face of the fibre resulting in a slightly concave
surface. It has been found experimentally the best method for preparing a PCF
fibre is to slice using a fibre slicer such as the X140 from Thorlabs. This method
is quick to execute and relatively reproducible. The only possible problem re-
sults from the necessity of the the fibre to be stripped prior to slicing, leaving a
fragile strand of glass which is susceptible to damage.
As a test of the quality of the end face after slicing, throughput measure-
ments were taken which showed that the fibre guided 89% ± 2% of the light
incident on the end face. This result shows that only 3% of the incident light is
being lost within the fibre since 4% will be lost at each air-glass interface.
Once it had been established that a sufficient proportion of the light was be-
ing guided by the fibre, the evolution of the mode shape was then investigated in
the transition from the near to the far-field. The observations were reproduced
theoretically, by approximating the near-field distribution by a main Gaussian
peak from which six narrow Gaussians located near the centre of the six inner
holes have been subtracted as proposed by Mortensen et al. [112]. It was found
that due to the extremely high d/∆ ratio combined with the extremely small
core size, the air-holes modified the overall Gaussian profile sufficiently and
higher order spots are visible away from the center of the intensity distribution.
In the last section of this chapter, skills learnt in the preceding sections were
used to asses the suitability of a multicore-PCF for use in astronomical instru-
mentation. The main performance parameters were identified as throughput
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and crosstalk.
The fibre was prepared by cleaving and then mounted in an experimental
setup which allowed an input spot to be moved around the end face. The results
show that crosstalk can be eliminated if the input spot size is small enough. For a
5 µm spot size, the input position needs to be aligned to within 2±0.5 µm in or-
der to obtain 50% of the maximum signal. Light is still guided within 6±0.5 µm .
If M-PCFs are to be used as part of a mini-IFU, we require an insertion loss
of ≤ 0.5dB from the optics feed which might be a micro-lens array or a fan-out
device. In order for this level to be achieved, the fibre would need to be aligned
to within 2 µm .
Finally, it has also been demonstrated that the power distribution at the
output is well modelled using existing theory for single core PCFs and therefore
it is likely that models which are entirely new will not need to be developed.
aa
Muse, sing of Hermes, the son of
Zeus and Maia...For it was
Hermes who first made the
tortoise a singer.
Homeric Hymn to Hermes
Chapter 5
Volume Phase Holographic
Gratings for HERMES
HERMES is a High Efficiency and Resolution Multi-Element Spectrograph
which aims to unravel the history of the Galaxy from detailed elemental abun-
dances for about 1.2 million individual stars down to magnitude V=14. The
highest risk component of the instrument design has been identified as the vol-
ume phase holographic gratings which must have both a high blaze angle and a
large footprint in order to achieve a high resolution. Tests on the gratings have
shown that the first prototype gratings do not meet the design requirements,
however it is hoped that the analysis of the data contained within in this chapter
will enable the manufacturers to improve upon their current techniques.
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5.1 Introduction
In order to exploit all aspects of ELTs we must investigate each feature of the
instrument design. The previous chapters have investigated the fibre compo-
nent of the instruments, but if we are to achieve the maximum efficiency of
the instrument in a larger area of the EM spectrum, we must also use highly
efficient gratings. In section 5.2, a thorough analysis of Volume Phase holo-
graphic (VPH) gratings is given. These gratings are proposed to be used in the
HERMES instrument on the Australian Astronomical Telescope (AAT) and
section 5.4 describes this instrument and the science it will be used to investi-
gate. Finally, in section 5.5, prototype VPH gratings designed specifically for
the HERMES instrument are tested against their design specifications.
5.2 Volume Phase holographic Gratings
Holographic surface-relief gratings (SRGs) have revolutionized ultraviolet as-
tronomy through the fabrication of curved gratings with built-in aberration
correction [130]. Diffraction gratings based on volume holograms rather than
surface relief holograms have also been developed over the past few decades
and Barden et al. [131] proposed their use in astronomical instrumentation in
1998 through the analysis of a 613 line mm−1 VPH grating. The advantages of
using VPH gratings in astronomical Instrumentation are discussed in section 5.3.
In VPH gratings the diffraction is due to a periodic variation of the refractive
index of a film with a constant thickness as is shown schematically in panel (a)
of figure 5.1 for two types of VPH gratings.
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(a) (b)
Figure 5.1: Some possible VPH grating configurations showing Bragg condition
diffraction. (a) Transmission grating with fringes perpendicular (γ = 90 degrees)
to the grating surface (unslanted fringes). In this case the magnitude of α equals
that of β for the Bragg condition. (b) Transmission grating with tilted fringes
may reduce ghost images [132].
As is shown in figure 5.1, the spacing of the fringe planes is defined as ∆
or 1/ν and this dictates the grating dispersion. The grating equation for a
transmissive VPH grating is given by the standard grating equation:
mνλ = sin (α) + sin (β) , (5.1)
where m is the order of diffraction, ν is the grating frequency, λ is the wave-
length of light in free space, α is the angle of incidence in air, and β is the angle
of diffraction in air (according to the sign convention for transmission, shown in
both figures).
Light traversing a VPH grating is also affected by interaction with the fringes
as it travels through the bulk or volume of the grating material. The depth of
the grating volume, the intensity or contrast of the fringe structure, and the
angular and spectral relationship of the incident light to the Bragg condition
determine how much light goes into which order.
The Bragg condition for a plane, parallel grating with fringes that are normal
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to the grating surface (the case shown in Figure 1a) is given by:
mνgλ = ng2 sin (αg) , (5.2)
where νg is the frequency of the index modulation within the grating volume
(where ∆ = 1/νg), ng is the average refractive index of the grating material,
and αg is the Bragg angle within the grating.
The Bragg condition for VPH gratings follows the same conditions as tradi-
tional gratings, so as the incident angle changes, the Bragg condition changes,
and the peak efficiency moves in wavelength. Baldry et al. [133] have shown
that the Kogelnik efficiency [134] versus Bragg angle depends only on one pa-
rameter, given by Ptune = (∆nd) / (nΛ), where ∆n is the semi-amplitude of
the refractive index modulation, n is the average index, d is the thickness of
the active layer, and Λ is the grating period. Baldry et al. also showed it is
theoretically possible to obtain 100% diffraction efficiency with one linear po-
larization at any angle, or to obtain 100% efficiency with unpolarised light at
specific angles.
There are two main methods that are generally employed to theoretically
model the diffraction efficiency of a VPH grating: the Rigorous Coupled Wave
Analysis (RCWA)[135] and modal analysis [12, 136]. Both of these methods
involve complex computations, however, Kogelnik [134] developed a two-wave,
first order coupled wave analysis that can be used to estimate the first order
efficiency of a VPH grating. This approximation is valid when
Q =
2piλd
ng∆2
> 10, (5.3)
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where d and ng are the depth and index modulation contrast of the grating
structure.
Kogelnik shows that the peak diffraction energy is achieved when the angle
of incidence and the wavelength satisfy the Bragg condition (equation 5.2) and
when the following relationship between wavelength, index modulation, and
grating depth is nearly satisfied:
∆ngd ≈ λ
2
. (5.4)
This relationship provides the starting point in the design of most VPH grat-
ings.
5.3 VPH Gratings in Astronomy
There are many advantages to using VPH gratings in astronomical spectroscopy
and these include, but are not limited to:
1. VPH gratings can have potentially higher peak diffraction efficiency ap-
proaching 100% in many cases.;
2. Polarization effects in most VPH gratings are not as severe as in surface-
relief (SR) gratings and also have fewer grating anomalies;
3. VPH gratings can be generated with higher line densities (up to 6000 lines
mm−1) than can SR grating;
4. Holographic technology is capable of producing very large VPH grating
structures, up to and larger than 800 mm in diameter;
5. Robustness since the grating is encapsulated within the glass.
CHAPTER 5. VOLUME PHASE HOLOGRAPHIC GRATINGS 153
Since VPH gratings have the active grating material encapsulated between
two pieces of glass, they are extremely attractive to applications where the grat-
ing will be installed in a harsh environment or a location with limited access.
Many authors have tested the VPH gratings after they have achieved a steady
state of operation at cryogenic temperatures [137, 138, 139] and have have re-
ported favourable or manageable outcomes. Arns et al. [140] tested 2 gratings
in BK-7 and fused silica substrates, cycled between room temperature and 100 K
and reported no significant change in transmission or diffraction energy between
300-2000 nm.
Arns et al. [141] have also investigated the feasibility of using slanted fringe
VPH gratings, similar to those shown in panel (b) of figure 5.1. Arns et al.
have shown, in theory, these slanted fringe VPH gratings can achieve anamor-
phic magnifications as high as a factor of 4 whilst continuing to take advantage
of the high diffraction efficiency. However, although it is possible to theoret-
ically design these gratings, no prototypes to date have met the requirements
since the tolerances in the fabrication process are so high [142].
VPH gratings are currently employed in EFSOC2 on the New Technology
Telescope (NTT), and FORS1, FORS2, and VIMOS on the Very Large Tele-
scope (VLT). It is also planned to use VPH gratings on the 2nd generation
MUSE instrument on the VLT. VPH gratings are being used in the MUSE in-
strument for two reasons: Firstly, it was possible to consider high line density
VPH gratings without the efficiency penalty of classical grisms. For the same
efficiency, the camera focal length and pupil size can be almost half of what
would be required to achieve the same linear dispersion at the CCD with a
classical grism. This leads to important cost savings due to the smaller over-
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all size of each of the 24 unit spectrographs and is a key feature to make this
still massive instrument a realistic proposition. Secondly, the optical design
optimization includes the VPH grating and has led to a design where the VPH
grating is combined with a lens. This not only diminishes internal ghosts, but
improves the overall image quality, reduces the number of optical elements in
the camera, and has led to further cost savings. It is also planned to use VPH
gratings in the CODEX instrument for the E-ELT.
5.3.1 Design considerations
The resolution of a spectrograph was given in chapter 1 by equation 1.11 and
shows the relationship between the size of the grating and the angle of the inci-
dent light. In order to maximise the resolution the grating must have as many
grooves as possible illuminated at the highest angle possible.
Pazder et al. [143] have presented a surprising result that a larger incident
angle also decreases the efficiency of the grating due to polarisation effects. A
consequence of this result is that larger gratings are even more desirable.
The availability of very large VPH gratings is limited by the manufacturer’s
ability to coat and process high quality holographic emulsions on large opti-
cal substrates and the size of the optics installed in the interferometer used
to make the holographic exposure. Film coating and processing quality has
steadily improved in anticipation of larger size requirements. Large exposure
optics represent a significant investment but the total cost of scaling up produc-
tion capability is much greater and large-sized gratings with acceptable quality
remain to be demonstrated. An alternative approach is to develop a grating
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mosaic of multiple exposures that would, for all practical purposes, perform as
a single, monolithic grating.
Large gratings have already been designed, produced, and tested by Arns
et al. [144], for the Apache Point Observatory Galactic Evolution Experiment
(APOGEE) spectrograph. The gratings in the APOGEE instrument have been
manufactured by Kaisor who can make gratings up to a maximum width of
298.7 mm. Since the gratings are illuminated at an angle of 54 degrees, the
width of the grating needs to be 475 mm - much larger than can be produced
in a single exposure and therefore it was decided to mosaic the exposures.
The technique of mosaicing classical surface relief gratings has been estab-
lished for many decades [145]. This is not true of VPH gratings, however VPH
grating mosaics are a similar challenge to ruled reflection gratings.
To-date, three methods have been identified for building VPH mosaics:
framed, common bonded, and step and repeat [143] as shown in figure 5.2. The
gratings used in the HERMES spectrograph use the step and repeat procedure
and more details including experimental testing results are given in section 5.5.5.
(a) (b) (c)
Figure 5.2: Cartoon to show how VPH gratings can be mosaiced. (a) framed
mosaic where four independent gratings are held in place by a frame around
the edges, (b) common bonded method where VPH gratings are fabricated
independently and bonded to a common substrate, (c)Step and Repeat where
a monolithic substrate is exposed in sub-sections.
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5.3.2 VPH grisms
In addition to VPH gratings, VPH grisms are also being used in astronomical
instrumentation. A VPH grism is the high dispersion device which consists of a
VPH grating sandwiched between two prisms, and are easier than VPH gratings
to incorporate into existing spectrograph designs since they disperse, but do not
deviate, the light. The first example of the use of a VPH grism in an existing
spectrograph was in the LDSS++ instrument for the AAT [146]. Other instru-
ments that have VPH grisms are Taurus++ on the AAT [147], FORS-1 on the
VLT[148], and MARS on the Mayall 4 m at Kitt Peak National Observatory
(KPNO) [149]. Ebizuka et al. [150] used the RCWA method to evaluate VPH
grisms for FOCAS on Subaru and found that the measured diffraction efficiency
was in good agreement with the theory.
The design of the High Efficiency and Resolution Multi-Element Spectro-
graph (HERMES) spectrograph on the AAT is pushing the development of
VPH technology in both Bragg angle and size. The following sections will give
an overview of the instrument design and the performance of 4 prototype grat-
ings.
5.4 HERMES
HERMES is a High Efficiency and Resolution Multi-Element Spectrograph. The
primary goal of the HERMES survey is to unravel the history of the Galaxy
from detailed elemental abundances for about 1.2 million individual stars down
to magnitude V=14. The spectrograph will normally operate at a resolution
of R = 28, 000, and the high resolution mode will operate at R = 45, 000. At
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a resolving power of R = 28, 000, the chemical tagging survey will concentrate
on wavelengths between λ = 500 − 900 nm in order to identify dissolved star
formation aggregates and ascertain the importance of mergers throughout the
history of the Galaxy. In addition to chemical tagging, a smaller subset of stars
will be selected for further investigation and the radial velocities of these stars
will be combined with the transverse velocities from GAIA. This will enable the
complete spatial motion for each star to be known and it will be possible to
identify spatially mixed stars with a common origin.
Figure 5.3 shows the basic design of the spectrograph. HERMES will make
use of the existing 2dF fibre positioner, discussed in section 2.1.1, whereby each
140 µm fibre covers 2 arcseconds on the sky and their F/3.65 output is opti-
cally relayed at F/6.3 to the HERMES slit. The slit is 230 mm in length and
its spatial scale matches that of the fibres. Light from the slit exits at F/6.3,
and then hits the off-axis collimator at 9.3 degrees giving a 195 mm diameter
parallel beam. As is shown in figure 5.3 the basic layout of HERMES is a 4-arm
design, obtained by large dichroic beam splitters feeding 4 separate channels,
and is based on high dispersion VPH gratings. The VPH gratings, which are
further discussed in section 5.5 have a high blaze angle of 68 degrees and a large
physical size of 220×580 mm.
5.5 HERMES VPH gratings
The grating parameters required for the Galactic archaeology (GA) survey de-
scribed above are given in table 5.1.
Since the VPH gratings are technically challenging and are one of the most
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Figure 5.3: Optical configuration of the HERMES instrument (image courtesy
of Luke Gers)
Table 5.1: HERMES gratings for the 4-channel Galactic Archaeology survey.
Grating
Line Bragg Bragg Camera Central λ λ Band
freq. angle λ angle on detector band width
(lmm−1) (deg) (nm) (deg) (nm) (nm) (nm)
Blue 3857 67.2 478 68.1 478.5 468.1-486.6 18.5
Green 3196 67.2 576.9 68.1 577.4 564.9-587.3 22.4
Red 2785 67.2 662 68.1 662.6 648.1-673.9 25.8
IR 2379 67.2 775 68.1 776 759-789.0 30
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high risk aspects to the HERMES project, prototype gratings were requested
from several different vendors in order to be evaluated using the following cri-
teria:
• Measurement of the 1st order diffraction angle with respect to the design
incident angle (section 5.5.3);
• Measurement of the VPH mosaic co-alignment (section 5.5.5);
5.5.1 Fabrication Specifications
Wasatch Photonics 1 are one of the leading vendors of high quality VPH gratings
and were able to provide four prototypes to be tested. The specifications of the
prototype gratings are given in table 5.2 . As is shown in figure 5.4 the efficiency
of the gratings is a function of the thickness of the gel. Therefore, two gratings
were manufactured (proto-1 and proto-2 in table 5.2) which had a gel thickness
of 4.2 µm which would, in theory, obtain the first peak in efficiency of 58%, and
two gratings were manufactured (proto-3 and proto-4 in table 5.2) which had
a gel thickness of 12.3 µm which would, in theory, obtain the second peak in
efficiency of 90%. The thin layer substrates are manufactured via a ’scraping’
process, and the thick layer substrates are manufactured via a ’spin’ process. It
is not necessary to describe the details of these processes, however it is important
to note that different processes are used to obtain different gel thicknesses.
Table 5.2: Prototype HERMES gratings.
Name
Bragg Line Bragg angle Index
Depth
Mosaic
λ frequency (in air) modulation alignment
(nm) (lmm-1) (deg) (∆ng) (d) (arcsec)
Proto-1 632.7 2914 0.1 67.2 0.1 0.06 4.2 3
Proto-2 632.7 2914 0.1 67.2 0.1 0.06 12.4 3
1Wasatch Photonics, 1305 North 1000 West Suite 120, Logan, UT 84321
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5.5.2 Theoretical predictions
The theoretical efficiency of the gratings for various gel depths has been calcu-
lated by Sam Barden whilst he was at the AAO and is shown in figure 5.4. The
theoretical efficiencies are calculated using the RCWA method which was men-
tioned in section 5.2, and show predictions for both polarised and unpolarised
light. Also shown in this figure is the highest efficiency which was measured
with the prototype gratings and will be further discussed in section 5.5.3.
It should be noted that although the efficiency for polarised light was theo-
retically calculated, it was not measured experimentally since polarised light is
not fed from the telescope.
5.5.3 Testing the Blaze angle
Gratings were tested using the setup shown in figure 5.5. Monochromatic light
is collimated using two large lenses in order to provide a beam diameter which
will illuminate as much of the grating as possible. The collimated beam passes
through the grating and is refocussed by two further large lenses onto a ra-
diometer. The radiometer and focussing lenses are mounted on a rotating arm
and allow the power to be measured in the m = 1, 0,−1 orders.
The requirement of the setup was to enable us to determine the blaze angle
and to calculate the percentage of power that was being sent to the m = −1, 0, 1
orders (m = −1 is the reflected light). In order to perform this test the grating
was set to an arbitrary angle and the power in the various orders was recorded
(minus the background at each position). The angle of the grating was then
altered and the measurements repeated, until a peak in the first order was
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Figure 5.4: Theoretical efficiency of the prototype gratings with points to show
the highest efficiency which was measured with the prototype gratings. The
experimental results are presented in section 5.5.3.
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found.
Results The results of the blaze angle tests at various grating angles are shown
in figures 5.6-5.9 and summarized in table 5.3. The power in each of the orders
was recorded and is shown as a percentage of the total light in all 3 orders.
The throughput efficiency is the total power in the three orders, compared to
the power recorded by the radiometer with the grating completely removed so
provides an absolute efficiency.
All substrates showed that both the grating frequency of 67.2◦ and the de-
sign requirement of ≥ 40% of the light being in the m = 1 mode has been
achieved. However, the results shown in table 5.3 show that the efficiency of
the thick gratings did not meet the theoretical maximum of 90% in the first
order as shown in figure 5.4. Further tests were required in order to determine
whether this was because the thickness of the gel varied over the substrate, or
whether the thickness was well controlled but wasn’t sufficiently thick.
Table 5.3: Summary of results for all substrates with unpolarised light
grating gel thickness angle
relative absolute
% of power in order throughput efficiency
( µm ) (deg) 1 0 -1 (%)
Proto-01 4.2 67.2 53.1 34.5 12.4 89.5
Proto-02 4.2 67.2 51.8 36.3 11.9 87.1
Proto-03 12.4 67.2 51.0 35.8 13.2 82.6
Proto-04 12.4 67.2 47.4 36.6 16.1 82.6
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(a) measuring power in the m=0 order
(b) arm is rotated to measure power in the m=1 order
Figure 5.5: Optical setup used to test the gratings. A laser operating at λ =
632 nm is expanded using a spatial filter and collimated using the first two
lenses. This collimated beam then passes through the VPH grating. The light
is then focussed onto a radiometer using the second two lenses.
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Figure 5.6: Percentage of light in the m=-1,0,1 orders for Proto-1 which has a
gel thickness of 4.2 µm and therefore obtain 58% of power in the first order.
Errors on values are below 1%.
Figure 5.7: Percentage of light in the m=-1,0,1 orders for Proto-2 which has a
gel thickness of 4.2 µm and therefore obtain 58% of power in the first order.
Errors on values are below 1%.
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Figure 5.8: Percentage of light in the m=-1,0,1 orders for Proto-3 which has a
gel thickness of 12.4 µm and therefore obtain 90% of power in the first order.
Errors on values are below 1%.
Figure 5.9: Percentage of light in the m=-1,0,1 orders for Proto-4 which has a
gel thickness of 12.4 µm and therefore obtain 90% of power in the first order.
Errors on values are below 1%. .
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5.5.4 Testing the homogeneity of the gratings
In order to ascertain the cause of the low efficiency, a small aperture with
d = 10 mm was placed after the beam was collimated in order to illuminate
only a small section of the grating as shown in figure 5.10. This spot was
moved in 5mm increments along the length of the grating in order to obtain the
power in each of the orders through different parts of the gratings. The results
of the tests are shown in figures 5.11-5.14. The results show that the thin
gratings are fairly homogeneous (as would be expected since they are reaching
the theoretical maximum shown in figure 5.4), however, the thicker gratings
show that the percentage of light in the first order is slightly lower at one side
of the grating than the other.
Figure 5.10: Experimental setup used to test the homogeneity of the gel thick-
ness of the gratings. The collimated beam is stopped down in order to illuminate
a small section of the grating. This spot is then moved around the grating in
order to measure the efficiency in the first order at different points.
The results shown in figures 5.13 and 5.14 suggest two things. Firstly, the
thickness of the gel is not 12.4 mm since if it was, then the efficiency in the first
order should have been much higher. Secondly, the thickness of the gel over the
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Figure 5.11: The homogeneity of Proto-1 was tested by creating a smaller aper-
ture and testing the efficiency in each of the orders at different positions on the
substrate. Errors on values are below 1%
Figure 5.12: The homogeneity of Proto-2 was tested by creating a smaller aper-
ture and testing the efficiency in each of the orders at different positions on the
substrate. Errors on values are below 1%
CHAPTER 5. VOLUME PHASE HOLOGRAPHIC GRATINGS 168
Figure 5.13: The homogeneity of Proto-3 was tested by creating a smaller aper-
ture and testing the efficiency in each of the orders at different positions on the
substrate. Errors on values are below 1%.
Figure 5.14: The homogeneity of Proto-4 was tested by creating a smaller aper-
ture and testing the efficiency in each of the orders at different positions on the
substrate. Errors on values are below 1%
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entire substrate is not constant since if it was, then the efficiency in the first
order would not vary.
5.5.5 Mosaic Alignment
As was discussed in section 5.3.1, the resolution of the spectrograph is propor-
tional to the width of the illuminated grating. Since the gratings are illuminated
at a large angle, the size of the grating is larger than can be manufactured in
a single exposure and therefore, a step and repeat procedure is required. If the
mosaics are sufficiently aligned to each other as shown in panel (a) of figure
5.15, the dispersion at the output will appear as if it was formed with a single
grating. However, if the gratings are not sufficiently aligned as shown in panel
(b), the dispersion will form separate footprints at the output.
Figure 5.15: Cartoon to show possible misalignment between the VPH grating
mosaics.
It was determined that the gratings need to be aligned to within 3′′ in order
to obtain a single dispersion footprint at the output of the instrument, and a
lens system was designed which was able to resolve these angles. In order to
guarantee these angles were resolved, a tighter constrain of 1′′ was demanded
of the lens system. The prototype gratings consisted of two mosaics in order to
be able to determine the alignment accuracy.
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Lens system In order to be able to distinguish the separate dispersions which
would be evident if the mosaics were misaligned, a minimum separation of 2
pixels between angle misalignment was required. Hence the focal length, f , re-
quired to resolve 1′′ is calculated. An SBIG CCD with a pixel size of 9 µm was
available for the tests and this meant a focal length of 4123 mm was required.
Due to this large focal length, a magnification system was designed.
Figure 5.16 shows the final lens design, which has been optimized for λ =
632 nm. Using this lens design, the spots are diffraction limited and separated
by around 20 µm This meets the initial requirement of having a minimum sep-
aration of 2 pixels for a resolution of 1′′.
Lenses are numbered from left to right as L1-L4 and a summary of the lenses
is given in Table 5.5.
Table 5.4: Summary of results for all substrates with unpolarised light
Lens Manufacturer
Focal
Diameter Glass
Product
length code
(mm) (mm)
1
Edmund Optics 76.6 849.9 BK7, DF2
NT54-567
2 (mounted)
3 Sigma Koki -50.7 34 S-BSL7 SLB-40-50N
4 Archer Optics 1000 50.8 BK7, SF6 DP-50.8-1000A
Table 5.5: Lens data for the VPH alignment system
Results This lens system should produce a full field spot with geometric ra-
dius=42.465 µm . The separation of 1′′ spot is 9 µm and the separation of 3′′
spot is 25 µm . Calculations made using Zemax [151] predict that the system
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Figure 5.16: Layout of the 4 lens telescope system
should have an effective focal length (EEFL) of 1692.321 mm.
We have measured the effective focal length of our physical system by focus-
ing a spot on a fixed CCD and then moving the lens system radially. We find
that for a 5′ rotation, the spot moves by 279 pixels, or 2511 µm . Using these
measurements, we calculate our EEFL=1739 ±13.5 mm, in close agreement to
the Zemax prediction.
We next need to calculate what the dispersion of the laser should be when
it diffracts through the grating in the first order. In order to calculate this we
use equation 5.2 which gives the Bragg condition for a plane, parallel grating
with fringes that are normal to the grating surface and rearrange to find αg for
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the first order :
αg = sin
−1(
λν
2
) (5.5)
In the case of our grating, ν=2914 l mm−1 (or 2.914 l µm −1), λ =
633.05 nm, and hence αg=67.04 deg µm
−1.
We now use the EEFL that we calculated above to work out the extent of
the dispersed laser that we would expect to observe.
h
2
= tan
(
dαg
2
)
× EEFL. (5.6)
Therefore, the length of the dispersion is calculated as h = 36 pixels or
327 µm .
Results Figure 5.17 shows a schematic of the image we obtain when diffract-
ing laser light through the grating. The actual image suffers from aberrations
but this has been ignored in the analysis.
The bar on the right is from one half of the grating and the bar on the left
is from the other half of the grating. Dimensions a-d give the physical size of
the bars to ensure we are obtaining the dispersion we expect. Dimensions e and
f give the angular misalignment.
In order to calculate what this separation means in terms of physical offset
we take the inverse tangent of this distance and divide it by the focal length, as
shown in equation 5.7
offset = tan−1
(
e
focal length
)
× arcseconds (5.7)
CHAPTER 5. VOLUME PHASE HOLOGRAPHIC GRATINGS 173
Figure 5.17: Schematic of our dispersed images
The measured dimensions are shown in the following table:
Table 5.6: Dimensions of the dispersed images
grating a b c d e
( µm ) ( µm ) ( µm ) ( µm ) (arcsec)
1855 01 396 171 297 162 19.2
1855 02 675 234 864 243 21.4
1855 03 558 180 702 189 22.4
1855 04 783 198 873 216 17.1
The dimensions ’a’ and ’c’ in this table should equate to the extent of the
dispersed laser from the grating which was calculated as 327 µm . These val-
ues show that more dispersion is observed than was expected. Dimension ’e’
indicates the amount of misalignment between the mosaics. The misalignment
between the mosaics was specified as less than 3′′, however, the results show
that there is both a lateral and a rotational misalignment between the mosaics.
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5.6 Conclusion
Volume Phase Holographic gratings provide unique advantages over traditional
dispersive elements. For this reason they are used in many astronomical instru-
ments are being considered for instruments on large telescopes. However, before
their full potential can be realised on these large instruments many technolog-
ical obstacles must be overcome. The VPH gratings required in the HERMES
instrument push the boundaries of the size of the blaze angle and size of the
gratings and are a pathfinder for future instruments.
The HERMES instrument must maximise it’s resolving capabilities in order
to fulfil it’s chemical tagging ambitions. It has been shown that resolution is
increased for larger gratings operating at large angles. These two properties are
the focus of the experimental work performed in this chapter and demonstrate
that progress is being made.
Since the VPH gratings were identified as the highest risk component in the
instrument design, four prototype gratings were procured in order to test the
manufacturing capabilities of Wasatch Photonics.
Since it was understood that the grating efficiency is a function of the thick-
ness of the gel layer, two gratings were manufactured that had a gel thickness
of 4.2 µm which would reach the first theoretical peak in efficiency of 58% in
the first order and two gratings were manufactured that had a gel thickness of
12.4 µm which would reach the second theoretical peak in efficiency of 90%.
Experimental tests showed that the blaze angle of all of the gratings met the
design specification of 67.2◦, however the theoretical efficiency of light in the
CHAPTER 5. VOLUME PHASE HOLOGRAPHIC GRATINGS 175
first order was not met.
Further investigations regarding the homogeneity of the gratings showed that
the depth of the gel layer was well controlled over the entire substrate since the
efficiency through different sections of the grating did not vary within the ex-
perimental errors. It was therefore concluded that the gel was not the correct
thickness.
The second test focussed on testing the mosaic alignment within the grat-
ings since the size of the grating is larger than can be manufactured in a single
exposure and therefore, a step and repeat procedure is required. Results showed
that the mosaics were misaligned by more than 17 arcseconds which exceeded
the design specifications of 3 arcseconds.
The prototype gratings tested in this chapter had both the largest blaze
angle and the largest footprint that had ever been manufactured by Wasatch
Photonics so it is perhaps unsurprising that the first attempt was not completely
successful. However, the results obtained as a result of this work have allowed
the vendors to identify which aspects of the manufacturing process need to be
improved and it is hoped that the second attempt at manufacture will prove to
be more successful.
There’s no limit to how much
you’ll know, depending how far
beyond zebra you go.
Dr. Seuss
Chapter 6
Spectroscopy with
Extremely Large Telescopes
Smart focal plane technologies are currently being promoted to enable efficient
sampling of the focal plane of ELTs [152]. In this chapter the concept of Diverse
Field Spectroscopy (DFS) using highly multiplexed monolithic fibre systems
(MFS) is explored. DFS allows arbitrary distributions of target regions to be
addressed in order to optimise observing efficiency when observing complex,
clumpy structures such as protoclusters which will be increasingly accessible
to extremely large telescopes. After the theoretical case has been presented,
practical ways in which the systems would be built are examined. Since it is
not currently possible to access the entire input field with a single switching
unit, it is shown that when the field is divided into smaller ‘cells’, the ability
to address every region of interest in sample images increases by around 80% if
the input field is randomised prior to down-selection.
176
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6.1 Introduction
To image a diffraction limited, 2′ field with the E-ELT (D = 42 m) , in the
infra-red range (λ = 1.5 µm ) would require ∼26,700 pixels if the field was be-
ing sampled at the Nyquist-Shannon limit. The largest CCD format currently
available from e2v 1 is 4096 × 4112 and has a pixel size of 15 µm . To cover
the entire focal plane would require 7 × 6 detector arrays and the focal plane
would be 0.43×0.37 m in size. If this is compared to the detector focal plane of
the Gemini Multi-Object Spectrograph which is 0.08×0.06 m, the technological
challenges are obvious.
Figure 6.1 shows the Celestial Selector: a proposed ELT type instrument
concept which illustrates the technique of Diverse Field Spectroscopy. The Ce-
lestial Selector may be conveniently implemented with a monolithic fibre system,
discussed in section 6.2 followed by a layer of optical switches that route to a
number of spectrographs.
The most obvious way to reduce the amount of data is to only route re-
gions of interest (ROIs) to the spectrograph. Section 6.3 describes how optical
switching systems could be designed to realise this. However, there are currently
no practical technological solutions able to implement this option on the scales
required. In order to overcome this problem we present data in section 6.4 that
demonstrates the statistical advantages that will be gained by randomising the
input field before a down-selection is implemented.
1e2v ltd., 106 Waterhouse Lane, Chelmsford, Essex, CM1 2QU
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Figure 6.1: Celestial selector concept showing a large input fibre bundle and
a switching unit which selects ROIs to be routed to the spectrograph(Image
courtesy of Jeremy Allington-Smith)
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6.2 Accessing the entire focal plane of an ELT
Table 6.1 shows a number of instruments which have successfully used a coher-
ent fibre bundle to re-format a 2-D field into a 1-D array, suitable for coupling
into a spectrograph. This table does not provide a comprehensive list of in-
struments, but serves as an indicator of how fibre bundles used in astronomical
instrumentation has progressed since 1986. The basic requirements of the fibre
system are to:
• Minimise focal ratio degradation (this has been discussed extensively in
chapter 3);
• Minimise losses by maximising the fill-factor at the input of the fibre
bundle;
• Retain a high degree of spatial precision at the input and output ends.
Figure 6.2 shows the input ends of the DensePak, CIRPASS and GMOS
integral field units. DensePak was one of the first instruments to use a coherent
fibre bundle, however, the filling-factor was only 54%. The GMOS IFU uses one
of the largest fibre bundles in astronomical instrumentation. The GMOS IFU
uses two bundles of fibres, one with 1000 fibres and one with 500 fibres for back-
ground subtraction. The fibres are mounted in ferrules for support and are then
attached to a lenslet array which increases the filling factor since all incident
light is focussed onto the fibre cores. One of the main disadvantages to using
lenslet arrays is that tighter requirements are imposed on the spatial precision
or a loss in throughput will result. A more thorough discussion of the implica-
tions of using a microlens at the input of a fibre bundle was given in section 2.1.2.
A high spatial precision is difficult to achieve when building large fibre bun-
dles since, although the ferrules have tight tolerances on their dimensions, there
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(a) (b) (c)
Figure 6.2: The development of building fibre bundles has progressed from a
simple fibre design (a - DensePak) to a larger bundle which includes microlenses
(b - CIRPASS) to a massive bundle of 1000 fibres (c - GMOS).
will inevitably be some deviation in the diameter size. The other problem in-
herent to building a bundle using ferrules, is that a smaller variation in pitch
is achieved if the packing is hexagonal, whereas microlens arrays are usually
square.
Figure 6.3 schematically shows the effect of using different sized ferrules
when making a fibre bundle. The dashed lines show an evenly spaced grid over
which the centres should lie if the ferrules were all exactly the same size, with
red ferrules at the minimum of the size tolerance and blue ferules at the maxi-
mum of the size tolerance.
The maximum systematic error on the position of the nth centre in one
dimension is given by:
αcn =
α
2
+ (n− 1)α, (6.1)
where αcn is the error on the n
thcore, α is the error on the diameter of the
ferrule and n is the number of ferrules. Hence, if ferrules were being used which
had a diameter of 100±3 µm , then the maximum difference of the centre of the
30th ferrule compared to if there was no variation in sizes, would be 88.5 µm .
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The range of tube sizes can be refined by measurement and selection from a
substantially larger batch, however the error within the entire bundle will al-
ways scale with the size of the bundle.
This systematic error shows the most extreme case where all of the ferrules
are at the maximum of the accepted tolerance dimension. In reality the random
assortment of ferrule sizes (which are still within the tolerance) will result an a
random error which may be much smaller. However, as was discovered with the
VIMOS instrument described in table 6.1, additional lenses may be required to
compensate for the offset, and this makes this method of holding fibres a less
desirable option for building large bundles for ELTs.
6.2.1 Laser-Cut Hole Arrays
Laser-cut hole arrays have been investigated as an alternative to packing the
fibres in ferrules. The advantages of this method are:
• The error on the pitch will be absolute over the entire bundle;
• Any packing pattern can be achieved;
• The array material can be selected so that the material characteristics
(hardness, coefficient of thermal expansion, etc..) match the characteris-
tics of the fibre.
Although laser-cut hole array type holders have been used in instruments
such as SPIRAL [160] and the SOAR IFU [161] , no literature has been pub-
lished. Consequently many aspects need to be investigated and understood.
Manufacturing methods There are two main manufacturing methods which
produce a large price difference for different arrays. This is a result of the type
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Figure 6.3: Deviations in the size of ferrules used to build fibre bundles result in
a systematic error which propagates throughout the bundle. The dashed lines
show a regularly spaced grid upon which the centre of the ferrules (shown in
blue black and red) should align.
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of laser being used and does not affect the quality of the array.
1. The first method is to use a precision laser tuned to the wavelength specific
to the material and draw the pattern for each hole separately. This method
is extremely expensive and is time consuming.
2. The second method is to place a mask in front of a large planar excimer
laser and photo-ablate the entire array in one go. After the initial cost of
the mask, this method is inexpensive and produces replicable arrays. This
method has been adapted from the semiconductor industry where many
cheap chips are required.
Array material The array material determines the maximum thicknesses of
each array as thicker arrays result in poorly defined hole profiles. However, the
main limitation to array material is decided by the laser that each manufacturer
uses. Each material is suited to a particular wavelength so a balance must be
made between selecting a manufacturer which uses the second manufacturing
method described above, and one which produces a hole array in a desirable
material.
A number of hole arrays in different materials have been obtained from var-
ious manufacturers and table 6.2 gives an overview of the measured geometry
of a selection of these. The holes in the cirlex array looks the ‘cleanest’ (figure
6.4), however the error in the dimensions was larger than for the other arrays.
The paper array (figure 6.5) is made of a laminated stiff cardboard, which has
poorly-defined holes. The variation in the size of the holes was acceptably small
however, it is possible, but difficult, to apply epoxy to the bundle since the
paper is absorbent. The ceramic arrays (figure 6.6) have funnelled holes which
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is useful when building the array as it allows the fibres to be guided in, however
the ceramic is extremely brittle and will have a poorly matched coefficient of
thermal expansion (CTE) with the fibres.
material diameter pitch
x s. d. y s. d. x s. d. y s. d.
cirlex 148.4 10.3 147.0 8.1 248.2 5.8 249.0 5.8
paper 142.3 5.3 133.8 6.2 251.0 5.5 248.2 4.0
ceramic 138.9 5.1 139.5 4.9 250.2 6.4 248.3 5.2
Table 6.2: Metrology of the arrays. Arrays were designed to have a diameter of
142±5 µm with a pitch of 250±5 µm .
Designing the bundle Once the options for different types of hole arrays
have been established, a device must be designed. Due to the manufacturing
methods, the arrays can only be made from relatively thin wafers of material.
If the fibre is only constrained by a guide which is a few millimetres thick,
the fibres may not be parallel to the optical axis as shown in figure 6.7. The
maximum deviation in angle will occur when the end of the fibre is at the far
edge of the front of the array and at the opposite edge at the back of the array.
This angle is calculated by simple trigonometry and the effects of different wafer
thicknesses is shown in figure 6.7.
If the fibres are not sufficiently aligned to the optical axis, unnecessary fo-
cal ratio degration will be introduced into the system. Figure 6.8 shows the
FRD that occurs due to varying amounts of fibre misalignment with respect to
the optical axis for instruments that are fed at different focal ratios. This fig-
ure clearly shows that the effects are more pronounced for slower input beams,
but in general substantial degradation occurs for misalignments above 0.1-0.6◦.
Bershady et al. [162] have performed similar calculations and found that a
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(a) (b)
Figure 6.4: Images of the Cirlex array. The top panel shows a stitched view of
the entire array with a ×8 magnification. Bottom panels show alternate sides
of the array with ×100 magnification (design diameter is 142 µm ).
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(a) (b)
Figure 6.5: Images of the Paper array. The top panel shows a stitched view of
the entire array with a ×8 magnification. Bottom panels show alternate sides
of the array with ×100 magnification (design diameter is 142 µm ).
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(a) (b)
Figure 6.6: Images of the Ceramic array. The top panel shows a stitched view
of the entire array with a ×8 magnification. Bottom panels show alternate sides
of the array with ×100 magnification (design diameter is 142 µm ).
(a) (b) (c)
Figure 6.7: If the fibre is only constrained by a guide which is a few mm thick,
the fibres may not be parallel to the optical axis. Panel (a) shows the ideal
case, panel (b) shows the extreme case of a thin stack and panel (c) shows how
a thicker array can constrain the angle of the fibre with respect to the optical
axis.
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misalignment of 0.41◦ would reduce the focal ratio of SALT from f/4.2 to f/4.1,
but if the input focal ratio was much slower, a f/13.7 input would degrade to
f/12.6.
The hole arrays that have been sourced to date have a tolerance of ±5 µm .
It is necessary to oversize the holes by 4 µm (2 µm either side of the edge of
the fibre) in order to ensure that the fibre was not damaged during the build-
ing process. This resulted in the diameter of the hole being a maximum of
20 µm larger than the minimum diameter of the fibre. Therefore, in order to
constrain the fibre to within 1◦, the stack must be 850 µm in depth. A stack
which is 0.9 cm in depth will constrain the fibre to within 0.1◦, and a stack
which is 2 cm in depth will constrain the fibre to within 0.04◦. This results
in an f/5.5 beam being degraded to f/4.6, f/5.4, and f/5.5 respectively. If the
error budget dictates that 2% focal ratio degradation is acceptable, a stack of 9
arrays is required if each array is 1 mm thick.
There are two solutions to this problem, as shown in figure 6.9. The first
solution is that a second array could be placed at some distance behind the
first array, and the intermediate space filled up with epoxy. However, this may
stress the fibres as the epoxy dries and contracts. The second solution, which
was utilised in the final fibre design, is to stack multiple arrays in order to con-
trol the angle of the fibre with respect to the optical axis.
6.2.2 Building the fibre bundle
Fibre bundles that use laser-cut hole-arrays have not been built in Durham,
hence a prototype was produced in order to establish an effective building and
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Figure 6.8: FRD that occurs due to varying amounts of fibre misalignment with
respect to the optical axis for instruments that are fed at different focal ratios.
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(a) (b)
Figure 6.9: Due to the manufacturing methods, the arrays can only be made
from relatively thin wafers of material and must be stacked in order to ensure
that all fibres are able to be aligned to the optical axis.
termination procedure. The first bundle was built using small hole arrays with
23 holes and was used to establish a building method. The building process is
shown in figure 6.10 and described below.
First, the hole arrays are stacked, using the guiding pins to provide a suf-
ficiently tight alignment. Then the fibres are fed sequentially into the stacked
arrays. The array is then placed into the holder which is covered in masking
paint in order to prevent the epoxy from adhering to undesirable areas. Poly-
imide tubing is used as guiding pins since they have tightly toleranced outer
dimensions and the CTE is well matched to the polyimide buffer fibres. The
whole array is then held in a pot of epoxy such that the epoxy will wick up
the fibres and bond the entire stack. When the epoxy is tacky, it is removed
from the pot. When the epoxy is completely hardened the excess is removed
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(a) (b) (c) (d)
Figure 6.10: The process of building a fibre bundle. In (a) the wafers are stacked
using the guiding pins and the fibres are inserted. In (b) the ends of the fibres are
glued to ensure that they remain in place before being enclosed in the housing
and (c) potted in epoxy which is allowed to wick up into the bundle. Finally
the entire bundle is polished as shown in (d).
from the array and is then polished using finer and finer colloidal silica particles
suspended in purified water.
Once the building method had been established, the large bundle which had
2304 (48×48) fibres was built and this is shown in figure 6.11
The main difficulties encountered when building the bundle were in polish-
ing it. This is because of the large surface area over which material was being
removed and the different hardnesses of the fibres, cirlex arrays and stainless
steel housing.
After the input end of the large bundle had been successfully made and pol-
ished, a program was written which randomised the bundle and a robot was
used to move a laser around the input plane to randomly select fibres to be
placed successively at the output.
Although a suitable array material has yet to be sourced, the work presented
in this chapter has shown that the technique is feasible and could easily be scaled
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Figure 6.11: A 2304 bundle which has been built and polished. The bundle
is built using fibres with a core size of 100 µm in diameter and a pitch of
200± 5 µm .
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up to larger bundle sizes. A number of parameters, such as the necessary depth
of the stack, have been constrained, and a method of building the bundles has
been established. A process to randomise the bundle has been developed and
the completed bundle has been polished to a satisfactory optical quality.
The randomised mapping was recorded for future reference and the advan-
tages in randomising the bundle prior to down-selection will be demonstrated
in section 6.4. However, the ideal solution to DFS would be to have an opti-
cal switch which could address the entire bundle and this will now be considered.
6.3 Optical switch networks
As was discussed in section 6.1, 26,700 pixels would be required to sample a 2′
field with the E-ELT (D = 42 m), in the infra-red (λ = 1.5 µm ). The most
obvious way to reduce the amount of data is to only route regions of interest
(ROIs) to the spectrograph which would require some kind of optical switch
network.
Developments in optical switching have predominantly been driven by the
telecommunications industry where single mode fibres are used in order to avoid
modal dispersion. When the fibre core diameter is of the order of the wavelength
of the light, only one mode of propagation is allowed and the fibre is single-
moded. If optical switches were to be useful in astronomical instrumentation,
they would need to be able to handle multimoded light. The next problem is
that current fibre optic switches generally switch from a small number of in-
puts, N , to one output, M = 1 using rotary[163] or translational [164] switches.
However, DFS relies on N ×M switching, where N is large and M  1.
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Table 6.3: Number of switches and interconnects necessary for a two layer switch
of the type shown in figure 6.12
N M
number of interconnects number of switches
(inputs) (outputs)
100 10 2,510 210
529 23 27,002 1081
2500 50 262,550 5,050
10000 100 2,050,100 2,100
Although there are inherent problems with implementing an effective optical
switch system, optical switches remain the only way that a fully diverse system
can be implemented. The basic concept states that for a given number of in-
puts, N , any subset, M may be selected to be routed to the spectrograph. The
most efficient switching system will only have two layers of switches as shown
in figure 6.12 where any 25 inputs can be down-selected to 5 outputs, however,
this is only possible when M =
√
N . As discussed above, a single switch must
have only one input, however to simplify the ideas presented in this section, the
’sub switches’ (shown in the bottom right of figure 6.12) do not contribute to
the number of layers but are necessary to build the switch and must be taken
into account when considering the number of interconnects in a given system.
In order to have the most flexible switch ( i.e. M 6= √N), it is necessary
to have 3 layers of switches as shown in figure 6.13 where any 25 inputs can be
down-selected to 8 outputs. This configuration only works when M = 4a, where
a is an integer, however different configurations can be found when M 6= 4a.
When a manufacturing solution becomes available, it will be possible to assess
each configuration based on losses within the method.
Now that possible configurations have been identified, technological solutions
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Figure 6.12: 2 layer switching used to create a N ×M switch where N is the
number of inputs, M is the number of outputs, and M =
√
N .
Table 6.4: Number of switches and interconnects necessary for a three layer
switch of the type shown in figure 6.13
N M
number of switches number of interconnects
(inputs) (outputs)
2304 40 341,576 9,032
2304 100 584,546 12,962
2304 200 1,183,496 21,512
2304 600 6,004,296 80,712
2304 1000 14,705,096 179,912
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Figure 6.13: 3 layer switching used to create a N ×M switch where N is the
number of inputs, M is the number of outputs, and M 6= √N .
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must be found to implement these design rules. The numbers shown in tables 6.3
and 6.4 clearly show that the huge number of switching units and interconnects
mean that any technological solution must be extremely efficient, whilst still
being able to be mass produced. Switching technology has advanced rapidly
in recent years in order to meet the growing demand for such devices in the
telecommunications sector, however the needs are very different to the needs
presented here. Assuming any such system would be possible, three distinct
approaches have currently been studied[165]:
1. Plug-in fibres;
2. Arrays of tilt-able micromirrors;
3. Movable lenses.
Plug-in fibres These devices differ widely in design and many systems display
a high degree of ingenuity. They are also potentially highly efficient. A good
example is the switching technology developed by Polatis Inc. 2 where lensed
fibres are steered directly by means of piezoelectrically driven fingers via a cen-
tral optical relay shown in figure 6.14. The single-mode commercial products
available from this company have switching speeds of ≤ 10 ms and the band-
width is limited only by the fibre, so they can function throughout the optical
spectrum. The number of optical interfaces is small (six including the fibrelens
interfaces), so the insertion losses are low, ∼1 dB. There is to-date no plan to
commercialize a multi-mode system however. Interesting as such schemes are,
they are more suited to low fibre counts because the positioning actuators tend
to be bulky and elaborate, incorporating relatively large mechanisms. Therefore
they are not currently an ideal DFS solution.
2Polatis, Inc., 332/2 Cambridge Science Park, Cambridge CB4 OWN, United Kingdom
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Figure 6.14: A Polatis switch: an optical beam is collimated and steered from an
input array (”send” side) to an output array (”receive” side). In reconfigurable
port configurations, a single fold mirror provides the ability to return light
back to a single array. Voltage signals to the piezoelectric elements control
the pointing, while accurate position feedback provides continuous closed loop
precision.
Movable lenses The most promising commercial solution so far seems to be
one which uses moveable lenses. This idea is currently being investigated jointly
with CrossFiber Inc 3 and it is hoped that an effective solution will be forth-
coming, however at present, the information is proprietary. The basic idea is
that the switches will use movable lenses to feed fibres in a circular bundle. The
lenses must be small enough to make it possible to produce a large number of
switches at a reasonable cost, and still limit the total size of the instrument.
Arrays of tilt-able micromirrors The simplest solution which uses mi-
cromirrors is shown in figure 6.15 and utilises two micromirror arrays. The first
micromirror array can be used to direct regions of interest (ROIs) to output
fibres and the second array is used to ensure that light being fed into the fibres
is on-axis. The micromirror arrays used in this design can be tilted along two
3CrossFiber Inc., 10455 Pacific Centre Court, San Diego, CA 92121-4339
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axes, unlike other micromirror arrays, so these mirrors can be given any inter-
mediate tilt between their extreme inclinations.
Figure 6.15: Simple switch using micromirror arrays
Current design studies by Content et al. [165] using a Crossfibre array used
for telecommunications optical switches, similar to those shown in figure 6.16,
imply that intermediate optics would be necessary to limit the chromatic aber-
rations, however the E´tendue will still be small at 0.01 mm which gives 0.5′′
on a 4 m telescope. If a Fourier optic is introduced (a lens is placed between
the micromirrors which has a focal length equal to its distance to the micromir-
ror arrays so the intensity distribution on one micromirror array is the Fourier
Transform of the distribution on the other) the E´tendue is increased.
All of the systems for switching discussed above would, if a technological
solution was found, enable the entire field to be arbitrarily down-selected to a
smaller field which would be sent to the spectrograph. However, since the solu-
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Figure 6.16: A fully steerable MEMS-based MMA (courtesy of CrossFiber Inc.).
tion is currently not forthcoming, it is necessary to investigate the slightly easier
problem of breaking the field into smaller sections prior to down selection. The
way in which the efficiency of such a system is maximised will now be discussed.
6.4 Remapping switched fibre systems
6.4.1 The advantage
The Celestial Selector concept that was shown in figure 6.1 may be conveniently
implemented with a monolithic fibre system (i.e. a fibre bundle) followed by a
layer of optical switches that route selected fibres to a number of spectrographs.
Ideally the switch array allows N input spaxels to be down-selected to M out-
put ( N) but this is infeasible using current switching technology, especially
on the scales needed where N ∼ 105 and M ∼ 104.
The capabilities of optical switches in the telecommunication industry is
generally N ≥ 100 and M ≤ 10. Therefore the inputs must be divided between
many switches. For the remainder of this chapter, these divisions will be termed
‘cells’ and input cells will be defined as NC whereas the total number of inputs
remains as N .
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The major problem with only being able to access one output from any given
cell is that it is not possible to address contiguous ROIs. This is a consequence
of fibres which are adjacent in the field being routed to the same cell, from which
only one can be routed onwards to the slit. Only if the ROI is at the edge of two
cells or at the corner of four cells can this problem be overcome. However, if the
mapping between the field and the switch array is incoherent, i.e. randomising
or re-ordering in other ways, there will be a finite chance that two or more
spaxels which are adjacent in the field will be mapped to a spectrograph since
they now occupy different cells as shown in figure 6.17. The different types of
mapping are outlined in the following sections.
(a) (b)
Figure 6.17: Illustration of how remapping affects the success of a switching
network. Panel (a) shows the regions of interest in yellow where spaxels which
will be successfully routed to the spectrograph are shown in blue, if M=1 with
direct mapping. Panel (b) shows the improved success rate if M remains equal
to 1 but the field is randomised prior to down-selection.
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6.4.2 Remapping Schemes
Various remapping schemes are possible. In all cases, although the remapping
may be arbitrary, it is known, either by design or through post-manufacture cal-
ibration. In the following sections, descriptions of different remapping schemes
will be presented where N is defined as the number of input spaxels, and NC is
the total number of cells in the entire switch.
Direct mapping
Regular one-to-one correspondence between input and output so that the two
patterns are identical. Contiguous groups of spaxels will not be routed to the slit
unless they span the boundary between different cells of the Spatial Light Mod-
ulator array. This can be overcome if the field is repositioned (or dithered) to
position one contiguous group on the boundary between 4 cells. The maximum
field repositioning required is equivalent to one cell or
√
NC in both directions
or NC = N/M choices. This is clearly an inefficient solution.
Ordered mapping
Each spaxel in an input cell is routed to a different output cell. Thus it can
be ensured that groups of contiguous spaxels will be routed to different output
cells and hence to the slit. This solution is optimal for creating constellations
containing groups of contiguous spaxels of size similar to that of the cell.
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Random mapping
The mapping is randomised so that there is a finite probability that spaxels
which are adjacent in the field will be routed to different cells and so have the
potential to be routed to the slit. This solution has the same theoretical success
rate as for ordered mapping although the pattern must be determined either by
design or through post manufacture calibration.
6.4.3 Simulating mapping schemes with real astronomical
objects
The different remapping techniques are now applied to a selection of real as-
tronomical objects using a switch format that is commercially available for sin-
gle mode fibres which switches from 48 inputs to 11 outputs. As previously
discussed, design efforts are currently in progress to modify this switch to be
compatible with multimode fibres.
Figure 6.18 shows the different stages required to calculate the success rate
of different mapping strategies for the SAURON observation of a Lyman-alpha
(LAB) emitter shown in panel (a) and described more fully in section 2.1.3.
Firstly, these images were binned into 48 × 48 spaxels containing unit value if
the intensity exceeded a specified threshold or zero otherwise in order to iden-
tify the 200 brightest spaxels, shown in panel (b). Next the field is subdivided
into cells. In this example the input array is arranged into NC = 48 cells each
of N = 6 × 8 = 48 spaxels, of which M may be routed to the output. The
success rate is then calculated as the percentage of ROIs which are successfully
routed to the spectrograph compared to the total number of ROIs. Due to
the switch architecture, down-selection is limited within cells, so if there are no
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ROIs within a cell, the switches cannot be reallocated to another cell. In order to
minimise this problem, the field is randomised prior to down-selection, as shown
in panel (c), in order to redistribute the ROIs over the entire field. The suc-
cess rate is again calculated and compared to the original, unrandomised, result.
(a) (b) (c)
Figure 6.18: Process to calculate the success rate of random mapping strategies.
In (b) the image is binned into 48×48 spaxels arranged into NC = 48 cells each
of N = 6 × 8 = 48 spaxels, of which M may be routed to the output. Spaxels
are defined to contain unit value if the intensity exceeded a specified threshold
or zero otherwise in order to identify the 200 brightest spaxels. Due to the
switch architecture, down-selection is limited within tiles, so if there are no
ROIs within a cell, the switches cannot be reallocated to another cell. Hence,
the field is randomised, as shown in panel (c) so as to redistribute the ROIs over
the entire field.
In addition to the tests on the LAB object, 10 Objects were also taken from
the Messier catalogue [166] at random and, as shown in figure 6.19, this includes
both galaxies and star clusters. As such it provides an illustrative selection of
different types of association, clustering and contiguity, and shows the relative
benefits of randomising the field, prior to down-selection, for different types of
fields.
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m002 m012
m022 m052
m061 m084
Figure 6.19: The first 6 Messier objects with various amounts of clustering, used
to test different remapping schemes.
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m090 m095
m097 m109
Figure 6.19: (Continued)The final four Messier objects with various amounts of
clustering, used to test different remapping schemes.
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Table 6.5 gives the success rate for the design value, M = 11, and also the
value of M required to obtain a specified success rate. For the design value of
M = 11, the down selection factor, G, is equal to G = 4.4, since N = 2304 and
M = 528 and G = N/M . Without random mapping, the value of M needed
to obtain a 100% success rate shows a large scatter ranging from M = 14 for
fields with sparsely distributed ROIs such as an open star cluster like M52, to
M = 48 for a heavily concentrated distribution of ROIs such as M84.
With random mapping, all the fields show similar results with 10 ≤M ≤ 13
being optimal (i.e. giving the greatest improvement when random remapping
is used). Figures 6.20-6.21 shows the success rate as a function of M for the
unrandomised case and the improvement in success rate with the randomised
mapping. The improvement is greatest for values of 7 ≤ N ≤ 25 which is close
to the value needed to maximise the success rate with random mapping in an
absolute sense and similar to the number of outputs provided in the commercial
device.
Similar results were obtained when the success rate of the LAB objected
were simulated. These results are shown in figure 6.22.
In order to compare the ordered remapping and random remapping schemes,
multiple realisations were used to estimate the statistical uncertainty in random
remapping. These results are shown in figure 6.23, and show that the typical
RMS scatter in the abscissa is ∼5%.
It is also important to understand how the effect of building the fibre bundle
in smaller tiles will affect the estimated success rate since the scope for randomi-
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Figure 6.20: Success rate as a function of the number of outputs per cell, M for
the 10 Messier objects with (a) no randomisation prior to down selection and
(b) the improvements with randomisation prior to down selection.
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Figure 6.21: The improvements that can be made by randomising prior to down
selection for the Messier objects
sation will be limited. In table 6.1 the details of the planned VIRUS instrument
are given. This instrument is a pathfinder for ELT instrumentation and is one
of the first to use replicable units to increase the multiplexing in an efficient way.
In a similar way to this instrument, the input bundle of the celestial selector will
be divided into tiles, so that it can be built up from standardised units made
on a production line. However, the introduction of tiles does have an important
consequence when incoherent mapping is used because the incoherence can only
apply within each tile: it will not be possible to incoherently map between tiles.
To this end the images were divided into 4 equal quadrants and randomised only
within each quadrant. Figure 6.24 shows that this requires a higher number of
outputs to achieve a given success rate depending on the amount of clustering
of ROIs already present.
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Figure 6.22: Success rate as a function of the number of outputs per cell, M for
the LAB objects, (a) with and without randomisation prior to down selection
and (b) the improvements gained by randomising prior to down selection.
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Figure 6.23: Multiple realisations of randomised remapping
As a final test, a catalogue of images was created with increasing correla-
tion index values ( i.e. progressively ‘clumpier images’). Figure 6.25 shows the
advantages which can be achieved when using DFS with random mapping com-
pared to single IFUs, multiple IFUs and MOS.
6.5 Conclusion
This aim of this chapter was to explore methods which would provide efficient
and affordable spectroscopic instrumentation on Extremely Large Telescopes
with a particular study of techniques for highly-multiplexed spectroscopy; both
the strategies and their implementation.
The focus of this chapter was the implementation of Diverse field spec-
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Figure 6.24: Effect of randomising in quadrants for m81 and m52 compared to
randomising the field in its entirety. These figures clearly show that randomising
the entire field provides the greatest success rates, and fields which are ’clumpier’
will suffer more from randomising in quadrants that fields which have a more
even distribution of ROIs.
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m81
Figure 6.25: Plot of success rate (i.e. occupancy) against correlation index for
different types of remapping and without remapping (control). Data points for
different realizations are shown together with trend lines (dashed curves).
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troscopy. Observations made at high redshift show that the universe has a
blobby and confused structure [13] and DFS allows the observer to select arbi-
trary combinations of contiguous and isolated regions of the sky to maximise
observing efficiency and scientific return. However, before DFS can be imple-
mented a large fibre bundle must be available and the ability to select any of
the input fibres must be established.
In section 6.2 the practical considerations which must be made when build-
ing a large fibre bundle were outlined. Work presented in this section showed
that laser cut hole arrays provided a viable alternative to stacking fibres in fer-
rules and would not suffer large deviations in pitch at the edge of the bundle.
Building methods were established and a successful 2,500 fibre bundle was pro-
duced.
The limitations of mechanical field-selector deployment in delivering suf-
ficient stability was reported by Allington-Smith et al. [167], Therefore, a
number of options without large-scale mechanisms to down-select from a fibre
system covering a large field of view to a smaller number of fibres which can be
fed into a number of spectrographs have been explored.
A number of possible technologies which may be able to implement the
down-selection have been indicated although a definitive solution is still be-
ing sought. As a preliminary step, different switching configurations have been
examined which has emphasised the number of interconnects which will be nec-
essary when implementing the switches. This is an important realisation since it
will affect the design of the individual switch and also place a higher importance
on its ability to be built by a robot.
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Since the switching unit has been identified as the highest risk component
of the DFS concept, it has been shown that smaller switches could still provide
a high success rate (defined as the number of ROIs that are successfully routed
to the spectrograph compared to the total number of ROIs in the field) if the
input field is randomised prior to down-selection.
In section 6.4 different mapping strategies were examined. Detailed simu-
lations of their performance for different degrees of clustering of the regions of
interest to be addressed were presented. The simulations use real catalogues of
objects to define regions of interest and calculate the success rate in targeting
as a function of degree of clustering and the geometry of the switching system
used, especially the number of outputs per cell.
Using these catalogues the advantage of the remapping is shown for clustered
distributions. In addition, the superiority of the Diverse Field Spectroscopy ap-
proach over single large-field IFUs and multiple single fibres or small groups in
such cases is shown. Depending on how clustered the distribution of ROIs is
before randomisation, increases in success rate of up to 80% may be obtained
for a down-selection factor of 10, although a range of 5 to 20 would be opti-
mal for different distributions. Devices of this type are currently available for
single-mode fibres.
In the future, solutions to the down selection will continue to be sought via
a collaboration with CrossFiber Inc. and further hole array materials will be
tested.
To finish a work? To finish a
picture? What nonsense! To
finish it means to be through
with it, to kill it, to rid it of its
soul, to give it its final blow the
coup de grace for the painter as
well as for the picture
Pablo Picasso, 1881-1973.
Chapter 7
Conclusions
7.1 Introduction
The work in this thesis is a combination of both theoretical models and experi-
mental data. This is a reflection of the nature of instrumentation development
which must be approached both via a ’ground up’ and ’bottom down’ approach.
The first half of the thesis explores the ’bottom up’ approach of studying the
characteristics of optical fibres used for astronomy and investigating new pho-
tonic devices. The second half of the thesis relates to the ’top down’ approach
of proposing new techniques to be used in possible future instrument designs.
7.2 Thesis synopsis
This thesis has dealt with a range of issues surrounding the use of traditional
and new technologies in astronomical instrumentation.
As was shown in chapter 2 optical fibres are extremely popular in astro-
nomical instrumentation in order to optically multiplex telescopes. However,
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the main disadvantage of using optical fibres is that they do not conserve the
E´tendue of the system due to focal ratio degradation (FRD).
Focal ratio degradation is an important property of optical fibres that de-
termines the design and cost of instruments using fibres. Motivated by the
importance of fibres in feeding instruments on Extremely Large Telescopes, the
need for cryogenic-cooling to reduce thermal background and the desire for
broad-band performance, the dependency of focal ratio degradation (FRD) on
both temperature and wavelength has been investigated in chapter 3. Also in-
vestigated in chapter 3 was the dependence of FRD on the length of the fibre.
Whilst the trends shown for the fibre core and d0 parameter dependence have
been demonstrated experimentally as well as theoretically, the extent to which
the length affects the FRD has not.
In chapter 4 the use of astrophonic devices in astronomy was explored. Pho-
tonic crystal fibres (PCFs) were the focus of this chapter and both the practical
implications in using them and the way in which their behaviour could be pre-
dicted theoretically was investigated. In the last section of this chapter, skills
learnt in the preceding sections were used to asses the suitability of a Multicore-
PCF for use in astronomical instrumentation. The main areas where M-PCFs
are relevant were identified as integrated mini-IFUs and the main performance
parameters were identified as throughput and crosstalk.
Instruments for ELTs must be extremely efficient with the highest resolu-
tion possible in order to take full advantage of the light gathering capabilities of
the large primary mirror. Volume Phase Holographic gratings provide unique
advantages over traditional dispersive elements as was discussed in chapter 5.
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In the final chapter, the concept of the celestial selector was presented which
aims to explore methods which would provide efficient and affordable spectro-
scopic instrumentation on Extremely Large Telescopes with a study of tech-
niques for highly-multiplexed spectroscopy; both the strategies and their imple-
mentation.
7.3 Contribution
The original contributions in this thesis are as follows:
1. There is a small but significant reduction in performance when the fibres
are cooled to 77 K as expected from previous work. It is also shown that
the increase in FRD with wavelength is broadly consistent with theory at
room temperature but this dependency reverses in sign when the fibres
are cooled to 77 K, contrary to existing theory. In order to explain this
behaviour the wavelength dependency is parametrised by an ad hoc exten-
sion to an existing model. This unexpected behaviour, which may relate
to frozen-in stress from the manufacturing process, will need to be taken
into account when designing future fibre systems;
2. The FRD within a fibre does not depend on its length. The results pre-
sented in chapter 3 show that the difference in FRD due to the different
fibre lengths for the cleaved fibre at the asymptotic value was 0.15±0.7,
and hence is clear that within our experimental uncertainty, no length
dependence is observed. In order to develop the existing model, the power
distribution model described by Gloge has been adapted and a new model
produced which will eliminate the length dependence on FRD and hence
CHAPTER 7. CONCLUSIONS 221
provide a better agreement with the experimental data. As a result of
trying to quantify the amount of stress within the end of the fibre it has
been shown that the end-effect is extremely powerful. This significant re-
duction in the amount of microbending in the end of the fibre compared to
the amount of microbending within the middle section is testament to the
strength of the end effect and clearly shows how much FRD is generated
in the end of the fibre;
3. Photonic crystal fibres (PCFs) are increasingly being exploited in astro-
nomical instrumentation. So far in astronomy, single-mode fibres have
been used mainly for interferometry. Multimode PCFs are also available,
whereby the core is a very large homogeneous region surrounded by a
cladding PCF. This promises extremely high numerical apertures which
would be well matched to the fast primary foci of ELT class telescopes.
Other more advanced PCF types include, non-linear fibres who’s most
studied application area to date is in the generation of supercontinua,
which might find use in spectroscopic calibration in the lab or even on in-
strument. The quality of the end face of a fibre is extremely important to
the propagation of light in terms of both throughput and intensity distri-
bution, however no work has been published on this topic. In chapter 4 it
was shown that the best method for preparing a PCF fibre is to slice using
a fibre slicer. This method is quick to execute and relatively reproducible.
Once it had been established that a sufficient proportion of the light was
being guided by the fibre, the evolution of the mode shape was then inves-
tigated in the transition from the near to the far field. The observations
were reproduced theoretically, by approximating the near-field distribu-
tion by a main Gaussian peak from which six narrow Gaussians located
near the centre of the six inner holes have been subtracted as proposed by
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Mortensen et al. [112];
4. It was shown that if M-PCFs are to be used as part of a mini-IFU, an
insertion loss of ≤ 0.5dB from the optics feed would be required. Results
show that this level could be achieved if the input spot was aligned on any
core to within 2 µm .
5. In chapter 5, gratings were tested which were a prototype of the grat-
ings which would be used in the High Efficiency and Resolution Multi-
Element Spectrograph (HERMES) on the Australian Astronomical Tele-
scope. These gratings are both the largest VPH gratings which have ever
been made and have the highest blaze angle. The resolution of this instru-
ment is extremely high due to the large footprint of the gratings and high
blaze angle at which they operate. However, it was shown that the grat-
ings were not performing to their maximum theoretical potential and the
smaller mosaics which made up the large substrate were not sufficiently
well aligned. Nevertheless, the results obtained as a result of this work
have allowed the vendors to identify which aspects of the manufacturing
process need to be improved and it is hoped that the second attempt at
manufacture will prove to be more successful;
6. One of the major implementation methods discussed was Diverse Field
Spectroscopy (DFS). DFS allows the observer to select arbitrary combi-
nations of contiguous and isolated regions of the sky to maximise observing
efficiency and scientific return. However although DFS only routes regions
of interest to the spectrograph, the entire focal pane must still be sampled
and this required a large fibre bundle;
7. It was also shown that laser-cut hole arrays enable any size fibre bundle to
be built without incurring large deviations in fibre position at the end of
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the array so that a lens-array could be used without intermediate optics.
In addition to the large input bundle, different schemes to select regions of
interest were identified and possible configuration methods were explored.
It was shown that intermediate solutions could be found if a large enough
optical switch could not be built and if this was the case, randomising
the input bundle prior to down selection would dramatically increase the
success rate of the instrument.
7.4 Proposals for future work
Each of the sections presented has suggested further lines of research which
could be undertaken to take the subject forward. Work is currently afoot to de-
velop a model which will predict the FRD behaviour of non-circular core fibres.
The M-PCF is being tested in order to obtain a quantitative understanding of
the crosstalk at different wavelengths. Wasatch are manufacturing new proto-
type VPH gratings with more attention being paid to accurately controlling the
thickness of the gel layer. It is hoped that these will be delivered to the AAO for
testing in October 2011. Finally, many aspects to the celestial selector concept
can be further investigated. Since this work has been reported, two further hole
arrays have been obtained and will be measured in order to determine their
dimensions. CrossFibre are developing a multimode switch which can be man-
ufactured and has low insertion losses. Until then, if DFS was employed on an
instrument, randomising the bundle would provide a viable alternative to the
problem.
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7.4.1 Final Words
Innovative instrumentation will continue to be essential for future large tele-
scopes. This thesis has addressed several technological issues which must con-
tinue to be investigated in order to advance astronomical instrumentation de-
sign. With this in mind, and the original contributions noted in the previous
section, I submit this work to the Centre for Advanced Instrumentation at
Durham University, as my proposed doctoral thesis.
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